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Abstract
HEAT STORAGE AND TRANSPORT PROCESSES IN THE 
TROPICAL ATLANTIC OCEAN
Andras Kapolnai 
Old Dominion University, 1993 
Director: Prof. Gabriel T. Csanady
Heat storage and transport processes of the tropical Atlantic play an impor­
tant role in the climate of three continents. The exploration of how the warm water 
mass maintenance in the equatorial basin depends on various external factors is 
therefore an important task. This study examines the annual cycle of the warm 
water mass formation and its transport in the equatorial Atlantic through the 
interaction of the atmospheric and oceanic boundary layers. Key features of the 
model are the sea level wind field, equatorial upwelling rate and escape transport 
of the formed warm water out of the equatorial basin.
The model wind field is driven by a distribution of vertical velocities at the 
top of the atmospheric boundary layer. The wind fields is modeled in January 
and July with prescribed heat source locations. The model wind fields are tuned 
to give the most realistic winds at the equator.
The equatorial upwelling rate is calculated from a finite amplitude thermocline 
displacement model which is driven by the model wind field distribution at the 
equator. W ind field distributions at the equator are also calculated with northward
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and southward shifted (from climatological July locations) ITCZ and continental 
heat source locations, the resultant upwelling rates are compared.
The annual cycle of the northward heat transport from the equatorial basin 
is calculated from the divergence of lateral heat transport (obtained from obser­
vations). The annual cycle of wind stress curl is then related to the annual heat 
transport cycle.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A cknow ledgem ents
There axe many people to whom I wish to say thanks for their guidance, 
support and inspiration. I could not have done this work without them. Foremost, 
I am very grateful to my advisor, Dr. Gabe Csanady, for his continuous help, 
support and friendship. I am also very grateful to his wife Joyce for taking my 
family under her wings.
I also thank my committee members, Drs. Larry Atkinson, Denny Kirwan 
for their comments and criticism. A special thanks goes to Dr. Stefan Hastenrath 
for his advices.
I also wish to thank Drs. Chet Grosch, John Klinck, Eileen Hofmann, for 
their help at several stages of this work.
I am also thankful for my fellow students and friends at CCPO and the 
Oceanography Department, particularly Jose Pelegri, G.V.R.K. Vittal, Ajoy Ku­
mar, Peter Becker, Arnoldo Valle-Levinson, Margaret Dekshenieks for their friend­
ship and encouragements.
I also want to thank the staff at CCPO, Carole, Beverly, Karal and Julie and 
the staff at the Oceanography Department, Billie, Faye and Karen for all their 
help during these years.
Finally I thank my wife, Csilla my daughter, Vivian and my parents for their 
never failing support.
This research was supported by NSF grant and CCPO. This support is grate­
fully acknowledged.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table o f Contents
Page
List of Figures .................................................................................................................. v
1. In troduction .................................................................................................................. 1
2. Background .................................................................................................................. 8
2.1 Csanady’s (1987) warm water mass balance m o d e l.................................. 12
2.2 The sea level wind field ..................................................................................16
2.3 The equatorial upwelling in the eastern Atlantic ......................................19
2.4 Warm water transport out of the equatorial basin ...................................26
3. The sea level wind field model over the tropical Atlantic .................................29
3.1 Climatological wind fields in the tropical Atlantic ...................................29
3.2 Heat sources in the tropical Atlantic reg io n ...............................................32
3.3 Boundary layer m o d e l.....................................................................................38
3.3.1 The model equations ................................................................................... 39
3.3.2 Forcing ........................................................................................................... 41
3.3.3 Solution of the x-independent fo rc in g ...................................................... 50
3.3.4 Solution of the x-dependent forcing for a single hax-monic ..................55
3.3.5 Choice of p a ram ete rs ...................................................................................59
3.3.6 Results ........................................................................................................... 62
3.3.6.1 J u l y .............................................................................................................. 62
3.3.6.2 January ....................................................................................................... 77
3.4 Conclusions.......................................................................................................93
4. The equatorial upwelling in the eastern Atlantic ............................................. 100
4.1 Equatorial upwelling model .........................................................................100
4.2 Choice of parameters ....................................................................................103
4.3 Results ............................................................................................................. 104
4.3.1 Model’s total volume of upwelled w a te r .................................................107
5. The heat export from the equatorial Atlantic warm water reservoir............ 113
5.1 Meridional heat transport in the equatorial A tla n tic .............................113
5.2.1 The equatorial Atlantic warm water reservoir boundaries ................ 117
5.2.2 Annual variation of WWR’s v o lu m e...................................................... 124
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.3 The annual migration of the ITCZ and the wind stress c u r l .................127
5.4 The ITCZ’s annual migration and the meridional heat t ra n s p o r t  131
6. Conclusions .............................................................................................................133
Bibliography ..................................................................................................................137
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
List of Figures
Figure Page
1 Annual mean meridional profiles (zonal integrals) of the heat bud­
get terms of equation 1 for the global tropics (Watts). Net radia­
tion at the top of the atmosphere: SWLW (solid line); heat export 
within the atmosphere: Q va (dash-dotted line); heat export within
the ocean: Q vo (broken line) (ada ................................................................... 3
2 Annual and zonal mean meridional profiles of heat gains ( W m ~ 2) 
within the atmosphere (Qva) and the ocean (Qvo) Atlantic (solid 
line); Pacific (broken line) and Indian Ocean (dash-dotted line) (a- 
dapted from Hastenrath 1980)............................................................................4
3 Annual mean meridional heat transports within the oceans (Watts). 
Atlantic (dash-dotted line); Pacific (broken line); Indian Ocean (solid 
line) and all oceans combined (heavy solid line), (adapted from Has­
tenrath 1980)..........................................................................................................5
4 Seasonal northward heat transport in petawatts in the Atlantic oce­
an (adapted from Sarmiento 1986)...................................................................10
5 Seasonal northward heat transport in the tropical Atlantic, (dot 
raster area is negative), (adapted from Philander and Pacanowski 
1986)..................................................................................................................... 11
6 The terms of Csanady’s (1987) mass balance model in the tropical 
Atlantic ocean, (adapted from Csanady 1987)...............................................13
7 The seasonal cycle of the nondimensional heat storage (Q), escape 
transport (E ) and wind stress (S ) in function of the nondimensional
time (t3 = ~  23days), (adapted from Csanady 1987).................................... 15
8 A schematic diagram of the zonal Walker circulation and the merid­
ional Hadley circulation, (adapted from Kousky et. al. 1 9 8 4 )..................17
9 Climatological SST maps over the equatorial Atlantic for the four 
seasons (adapted from Hastenrath and Lamb 1977a)...................................20
10 Nondimensional upwelling velocity (w ) and meridional transport (V) 
in function of the meridional distance (y) (with the following scales: 
w3 =  1.5 x 10~5m s_1, Fj, — 3m2s-1 and ys =  209km),  (adapted 
from Csanady 1987)............................................................................................25
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vi
Figure Page
11 The mixed layer depth along the equator in the Atlantic ocean in
July (heavy broken lines denote the depth of tyhe mixed layer and 
the base of the thermocline), (adapted from Hastenrath and Merle 
1986)....................................................................................................................  27
12 Climatological resultant wind-field for July from Hastenrath and
Lamb (1977a).......................................................................................................30
13 Climatological resultant wind-field for January from H astenrath and
Lamb (1977a).......................................................................................................31
14 Mass-weighted vertically averaged heating rates (K/day) for a. Jan­
uary and b. July 1979. (Adapted from Johnson 1989)................................33
15 Climatological precipitation in m m /m onth for a. January b. July.
Contours are at 75 up to 300, stippled over 150. (Adapted from 
Jaeger 1976)........................................................................................................ 34
16 Idealized horizontal distribution of the heat sources in July and in
January (latter shaded). The boundaries of the oceanic subdomain 
(42°W-0° and 10°5-14°iV)................................................................................ 37
17 The meridional and zonal boundaries of the atmospheric domain in
July and January (solid lines) and the boundaries of the oceanic 
subdomain............................................................................................................42
18 The atmospheric domain with all the forcing applied. Cross-hatched 
area represents the heat sources. Subsidence velocity is constant in
the remaining regions......................................................................................... 44
19 Perspective view of a possible vertical velocity distribution at the
top of the boundary layer.................................................................................. 46
20 The atmospheric domain divided into four bands (1 and 4 are diver­
gent bands, 2 and 3 contain convergences).................................................... 47
21 A meridional distribution of the x-independent forcing.............................. 48
22 A zonal vertical velocity distribution of a  possible x-dependent forc­
ing (southern half of SAM) superimposed on band 2...................................49
23 A zonal vertical velocity distribution of a possible x-dependent forc­
ing (northern half of SAM, ITCZ and AFR) superimposed on band 3. . 51
24 The meridional distribution of the meridional wind component (a) 
and the zonal wind component (b) in July, calculated from the x-
independent forcing ( w ^  = =  —.003ms-1 , w ^  = ,008ms-1 ,
=  .018ms-1 , K  = 6 x 10-6s-1 ) ............................................................. 53
25 The meridional distribution of the meridional wind component (a) 
and the zonal wind component (b) in January, calculated from the x- 
independent forcing (u /1) =  w ^  =  —.0035ms-1 , w ^  — .009ms-1
u>(3) =  .019ms-1 , K  =  6 x 10-6s-1 )............................................................... 54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
v ii
Figure Page
26 The x-dependent forcing (I I )  represented by the first 5 harmonics
(a) and 10 harmonics (b)................................................................................... 60
27 The x-dependent forcing ( I I I )  represented by the first 5 harmonics
(a) and 10 harmonics (b)................................................................................... 61
28 The July wind field in response to the x-independent forcing (I)  (a), 
in the atmospheric domain (b). in the oceanic domain. H  =  3000m,
(u;(x) =  =  —.003ms-1 , w =  .008, w ^  =  .016ms-1 , K  =
6 x 10-6 s -1 ) ...................................................................................................... 63
29 The July wind field in response to the x-independent forcing (I)  (a), 
in the atmospheric domain (b). in the oceanic domain. H  =  2000m,
(u>(x) =  u>(4) =  —,003ms-1 , wW = .008, =  .016ms-1 , K  =
6 x 10-6 s -1 ) ...................................................................................................... 65
30 The July wind field in response to the x-independent forcing (I)
(a), in the atmospheric domain (b). in the oceanic domain. K  =
3 x 10-6 s - 1 , H  =  3000m (remaining parameters as in Figure 28).......... 68
31 The July wind field in response to the x-independent forcing (I)
(a), in the atmospheric domain (b). in the oceanic domain. K  =
8 x 10-6 s -1 , H — 3000m (remaining parameters as in Figure 28).......... 70
32 The July wind field in response to the x-dependent forcing (II ,
northern half of SAM, ITCZ AFR) (a), in the atmospheric do­
main (b). in the oceanic domain. K  — 8 x 10-6 s -1 , H  =  3000m 
( w f ^ M — -047ms-1 , wffi02  =  —.013ms-1 , wf t f 11 =  .005ms-1 )...............72
33 The July wind field in response when the x-independent forcing (I) 
of Figure 31 is added to the x-dependent forcing ( I I )  of Figure 32
(a), in the atmospheric domain (b). in the oceanic domain.......................74
34 The zonal (a) and meridional (b) wind components along the equator 
in the eastern equatorial Atlantic (30°W-0°). Solid line from obser­
vations (Figure 12 here from Hastenrath and Lamb 1977), broken
line from model calculations of Figure 33....................................................... 76
35 The July wind field in response to the x-dependent forcing ( I I I ,  
southern half SAM) (a), in the atmospheric domain (b). in the 
oceanic domain. K  =  8 x 10-6s -1 , H  — 3000m (u;^ =  —,011ms-1 ,
WSAM _  ,055ms-1 ) .......................................................................................... 78
36 The July wind field in response when the x-independent forcing (I) 
of Figure 31 is added to both x-dependent forcings ( I I )  and ( I I I )  
of Figures 32 and 35 (a), in the atmospheric domain (b). in the 
oceanic domain.................................................................................................... 80
37 The zonal (a) and meridional (b) wind components along the equator 
in the eastern equatorial Atlantic (30°W-0°). Solid line from obser­
vations (Figure 12 here from Hastenrath and Lamb 1977), broken
line from model calculations of Figure 36.......................................................82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
v ii i
Figure Page
38 The January wind field in response to the x-independent forcing 
(I)  (a), in the atmospheric domain (b). in the oceanic domain.
H  =  3000m, K  =  9 x 10-6s-1 (u^1) =  =  —.0035m s - 1 , w ^  =
.001ms-1 w = .027ms-1 )..............................................................................83
39 The January wind field in response to the x-independent forcing (I)  
as in Figure 38 but K  =  1.1 x 10-5s -1 (a), in the atmospheric 
domain (b). in the oceanic domain..................................................................86
40 The January wind field in response to the x-dependent forcing (II ,  
northern half of SAM, ITCZ AFR) (a), in the atmospheric domain
(b). in the oceanic domain. K  =  1.1 x 10-5 s -1 , H  =  3000m 
(wft2 M =  -04ms-1 , wdJ c z  =  —.0144ms-1 , w f RR =  .0176ms-1 ) .......... 88
41 The January wind field in response when the x-independent forcing 
(I)  of Figure 39 is added to the x-dependent forcing (I I )  of Figure 40
(a), in the atmospheric domain (b). in the oceanic domain........................ 90
42 The zonal (a) and meridional (b) wind components along the equator 
in the eastern equatorial Atlantic (30°W-0°). Solid line from obser­
vations (Figure 13 here from Hastenrath and Lamb 1977), broken
line from model calculations of Figure 41.......................................................92
43 The January wind field in response to the x-dependent forcing ( I I I ,  
southern half of SAM) (a), in the atmospheric domain (b). in 
the oceanic domain. K  =  1.1 x 10-5 s-1 , H  — 3000m ( w f ± M =  
.0225ms-1 , w sdl =  —.0045ms-1).......................................................................94
44 The January wind field in response when the x-independent forcing 
(I)  of Figure 39 is added to both x-dependent forcings ( I I )  and 
( I I I )  of Figures 40 and 43 (a), in the atmospheric domain (b). in
the oceanic domain............................................................................................. 96
45 The zonal (a) and meridional (b) wind components along the equator 
in the eastern equatorial Atlantic (30°W-0°). Solid line from obser­
vations (Figure 13 here from Hastenrath and Lamb 1977), broken
line from model calculations of Figure 44........................................................98
46 The variation of entrainment rate across the equator for four different 
zonal wind stress (a), and the corresponding meridional transports
(b ).........................................................................................................................105
47 The variation of entrainment rate across the equator for four dif­
ferent meridional wind stress (a), and the corresponding meridional 
transports (b)..................................................................................................... 106
48 Climatological SST in the equatorial Atlantic Ocean in July (adap­
ted from Hastenrath and Lamb 1977a) .......................................................108
49 Vtot between 30°H/’-0° for the three different ITCZ locations (8°N,
11°N and 6° N ) .................................................................................................. 109
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ix
Figure Page
50 The zonal (a) and meridional (b) wind components along the equator 
in the eastern equatorial Atlantic (30° W-0°). Solid line when ITCZ’s 
zonal center line is at 8°N,  broken line when ITCZ is shifted north
(its center line is at Il°iV ).............................................................................. 110
51 The zonal (a) and meridional (b) wind components along the equator 
in the eastern equatorial Atlantic (30° W-0°). Solid line when ITCZ’s 
zonal center line is at 8° IV, broken line when ITCZ is shifted south
(its center line is at 6°N) ................................................................................ I l l
52 Heat export in the Atlantic Ocean (between 4°S and 30° N) ,  in­
tegrated heat flux divergence (Qv) values of the 2° latitude belts 
of Hastenrath and Merle (1986) are integrated northward from 4°S  
where Qv is set zero, (a) from January to June, (b) from July to 
December............................................................................................................115
53 Annual variation of Qt in the tropical Atlantic Ocean, quantities are
in W m ~ 2 (adopted from Hastenrath and Merle 1986).............................. 118
54 Mixed layer depth maps at three different longitudes (20°, 30° and
40°N),  and at two latitude-degree steps between 10°5 and 10°N  
(data from Hastenrath and Merle 1987).......................................................119
55 Annual variation of mixed layer depth in the eastern Atlantic at four
different longitudes (30°, 25°, 20° and 15°W) at the equator (data 
from Hastenrath and Merle 1987)..................................................................123
56 The warm water reservoir in the equatorial Atlantic Ocean as defined
in the text...........................................................................................................125
57 Annual variation of WWR volume (a), and the annual variation of
volume in two degree bands in the WWR (b).............................................126
58 The wind stress curl over the Atlantic Ocean in the four seasons 
(10~sdynes cm -3 ). The solid lines drawn in are approximations to
the southern limit of the northern hemispheric positive curl region. .. 128
59 Annual march of the southern limit of the positive curl region (as 
depicted in Figure 57) at four longitudes ((20°, 30° and 40°W )  (a),
and the annual march of the ITCZ at the same longitudes (b)............... 130
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1
Chapter 1. Introduction
Sun distributes energy unequally over the earth, leading to heat gain in the 
tropics and heat loss in the high latitudes. However, the tropics are not being 
heated and the high latitudes are not being cooled in the long term. Redistribution 
of energy from the tropics to the high latitudes makes the earth’s climate more 
appealing. Redistribution of energy over the continents is carried out entirely by 
the atmosphere, whereas over the oceans both atmosphere and ocean participate 
in the poleward energy transport.
Bjerknes et. al (1933) considered the atmosphere as the dominant poleward 
heat transfer medium and regarded the ocean’s contribution negligible. The stud­
ies of Bryan (1962), Emig (1967), Oort and Vonder Haar (1976) (with more avail­
able data) indicated tha t the ocean carries more heat than was previously sup­
posed. These studies helped to recognize the tropical ocean’s role in the global 
climate system. The large heat capacity of the water makes the tropical water 
masses very important in storing thermal energy and exporting it poleward.
Hastenrath (1980) examined the relative role of the atmospheric and oceanic 
heat transport for the tropics. The heat budget equation for the atmosphere- 
ocean-land system is written in Hastenrath (1980):
SW LW tcp  = Qva +  Qta + Qvo + Qto (l)
where the left-hand term is the net radiation at the top of the atmosphere, the 
subscripts v and t  stand for heat transport divergence and storage, a and o denote
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
atmosphere and ocean-land. The storage terms on the righ-hand side vanish when 
considering the annual mean conditions. Figure 1 shows the mean meridional 
profiles (zonal integrals) of the heat budget terms for the global tropics. The net 
radiation at the top of the atmosphere is almost symmetric to the equator. The 
oceanic heat transport divergence is dominant over a 10° latitude band around the 
equator, dropping to almost zero at 30°iV and 5. The atmospheric heat transport 
divergence prevails poleward from the above 10° latitudinal band.
The annual meridional profiles of heat gains for the individual oceans are 
presented in Figure 2. The atmospheric heat gains for the Atlantic and Pacific 
Oceans show a minimum south of the equator, whereas the oceanic heat gains are 
at their maximum there. The atmospheric heat gains peak to the north of the 
equator for the Atlantic and Pacific Oceans. The heat gain patterns for the Indian 
Ocean are different: the atmospheric heat gain reaches its highest value south of 
the equator, while the oceanic heat gain is dominating north of the equator.
Hastenrath (1980) integrated Qvo over latitude bands from a chosen north­
ern boundary to obtain the meridional transport of heat within the oceans. His 
results (Figure 3 here) indicate that the three oceans behave differently. The heat 
transport in the Indian ocean is directed southward everywhere. The heat trans­
port in the Pacific is northward north of the equator and southward south of the 
equator. The heat transport is directed northward throughout the Atlantic. The 
large oceanic heat gain south of the equator in the Atlantic and Pacific oceans is 
transported in opposite directions.
The tropical oceans provide a large fraction of the global heat deficit (expe­
rienced mainly in the high latitudes of the winter hemisphere). Consequently the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1. Annual m ean meridional profiles (zonal integrals) of the 
heat budget terms of equation 1 for the global tropics (Watts). Net 
radiation at the top of the atmosphere: SWLW (solid line); heat 
export within the atmosphere: Qva (dash-dotted line); heat export 
within the ocean: Qvo (broken line) (adapted from Hastenrath 1980).
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Figure 2. Annual and zonal mean meridional profiles of heat gains 
( W m ~ 2) within the atmosphere (Qva) and the ocean (Qvo) Atlantic 
(solid line); Pacific (broken line) and Indian Ocean (dash-dotted line) 
(adapted from Hastenrath 1980).
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Figure 3. Annual mean meridional heat transports within the oceans 
(Watts). Atlantic (dash-dotted line); Pacific (broken line); In­
dian Ocean (solid line) and all oceans combined (heavy solid line), 
(adapted from Hastenrath 1980).
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tropical oceans’ heat distribution processes affect the climate and weather in the 
continents. A major change in the annual cycle of the oceanic heat transport would 
bring major weather changes. The exploration of how the annual cycle depends 
on various external factors is therefore an important task. The heat transport pro­
cesses of all three tropical oceans are different, requiring separate investigations. 
In this dissertation we will attempt to understand the tropical Atlantic region’s 
role in the global heat balance.
The atmospheric circulation controls the annual march of heat storage and 
transport processes in the tropical Atlantic Ocean. The atmospheric circulation 
also governs the seasonal migration of the Inter-Tropical Convergence Zone (ITCZ) 
which is at the junction of the Southeast and Northeast trades. The ITCZ mi­
grates north and south, following the annual migration of the sun. The ITCZ is 
furthest north over the Atlantic (8°N  —12°N),  during northern summer, with the 
result tha t the Southeast trades are strongest at the equator, facilitating equato­
rial upwelling in the eastern Atlantic. Upwelling occurs at a rate fast enough to 
develop a cold water zone to the south of the equator. The upwelled cold water 
doesn’t allow full conversion of the radiative heat gain into sensible and latent 
heat of the atmosphere, but absorbs a large fraction of it within the ocean. This 
narrow latitudinal band (0 — 5°S)  therefore becomes the site of large net oceanic 
heat gain. In northern winter on the other hand the ITCZ is located at and just 
north of the equator (0 — 4°N).  The Southeast trades at the equator are then 
weakest, associated with much reduced equatorial upwelling. This also reduces 
the buildup of heat surplus in the surface mixed layer of the equatorial ocean. 
The equatorial upwelling and heat buildup increases again with the continuation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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of the annual cycle.
As just pointed out, the wind field is influenced largely by the ITCZ’s location 
which in turn  influences the oceanic heat storage and therefore the northward 
oceanic heat transport.
This study will examine the generation and maintenance of the warm wa­
ter mass in the tropical Atlantic through the interaction of the atmospheric and 
oceanic boundary layers during northern summer and northern winter by means 
of a series of simple models. The models will deal with the sea level wind field, 
the equatorial upwelling rate and the escape transport of warm water out of the 
equatorial basin. All three will be examined in relation to the ITCZ’s location.
The first submodel attem pts to represent the sea level wind field with heat 
source locations determined by the ITCZ’s position. The wind field is forced by 
the vertical velocity distribution at the top of the atmospheric boundary layer rep­
resenting diabatic heating of the troposphere. We calculate a northern summer 
and a northern winter steady case when the heat sources are at their northern­
most and southernmost locations. The model is tuned to give the best possible 
representation of the wind field over the eastern Atlantic.
The wind field obtained over the eastern Atlantic will be used to determine the 
equatorial upwelling rate. We will examine how different ITCZ locations influence 
the total quantity of upwelled water.
The third submodel will give an explanation for the warm water export out 
of the equatorial basin, connecting the export to the ITCZ’s annual march.
We will discuss in the last part how the heat storage and export affect the 
ITCZ’s position.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Chapter 2. Background
Intense investigations of tropical air-sea interactions started after Bjerknes 
(1966) proposed the concept of El Nino as a coupled oceanic-atmospheric oscil­
lation in and over the equatorial Pacific Ocean with “teleconnections” to higher 
latitudes.
In the following decade oceanographers focused on the understanding of the 
equatorial ocean circulation under prescribed wind forcing (Lighthill 1969, Char- 
ney and Spiegel 1971, Gill 1971, McKee 1973, Cane 1975). Gill’s (1980) seminal 
paper about heat induced tropical atmospheric circulations prompted the first cou­
pled air-sea interaction models, accounting for feedback between the two media. 
The ocean was forced by the wind and in turn the atmosphere responded to sea 
surface temperature (SST) changes (Anderson and McCreary 1985, Zebiak and 
Cane 1987, Battisti 1988). All these coupled models intended to reproduce and 
understand the dynamics of the eastward migration of the warm water pool from 
the western margin of the equatorial Pacific, responsible for El Nino. The model­
ing of heat storage and meridional heat transport in the tropical oceans received 
much less attention, although it has been proposed by Wyrtki (1985) and Zebiak 
and Cane (1987) that the annual variation of heat transported from the tropical 
Pacific influenced interannual variabilities and might be a significant element of 
El Nino.
Seasonal heat transport estimates for the tropical Atlantic were obtained by 
Sarmiento (1986), using a General Circulation Model (GCM), driven by climato-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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logical monthly wind fields of Hellerman and Rosenstein (1983). The temperatures 
at the sea surface were fixed at climatological monthly mean temperatures to rep­
resent thermal forcing. The water volume transported across a certain latitude 
was calculated from Ekman and geostrophic transports following Hall and Bry- 
den (1982). His results, the zonally integrated meridional heat transports, are 
given in Figure 4. The figure shows large northward heat transports across 10°iV 
between November and July and much smaller, zero or even negative northward 
heat transports, between July and October. Philander and Pacanowski (1986) 
also calculated the seasonal heat transports in the Atlantic from their GCM, with 
results shown in Figure 5. Both calculations give similar heat transport scenarios 
by reproducing the oceanic circulations. The question remains, however, how the 
“thermal forcing” (represented crudely by prescribed surface temperature) actu­
ally arises.
The physics of the dynamical and thermodynamical processes in both ocean 
and atmosphere must be greatly simplified, to make their interaction analytically 
tractable. Csanady (1984, 1985) examined simple analytical models of equatorial 
warm water mass formation and poleward transport. He pointed out that stability 
and inertial constraints were the two primary resistances to the equatorial warm 
water mass formation and to its northward transport. Csanady (1984) shows that 
heat retention by the ocean amounting to a significant portion of radiant heat gain 
occurs in the tropical oceans, only when upwelling into the mixed layer takes place 
at a velocity of order 10-5m s-1 . This is the order of upwelling velocity necessary 
to diminish the temperature of the mixed layer significantly so that a large portion 
of the radiative heat gain is retained by the ocean and not transfered back to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4. Seasonal northward heat transport in petawatts in the At­
lantic ocean (adapted from Sarmiento 1986).
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Figure 5. Seasonal northward heat transport in the tropical Atlantic, 
(dot raster area is negative), (adapted from Philander and Pacanowski 
1986).
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atmosphere as latent or sensible heat. This upwelling velocity is also supported 
by other studies (e.g. Wyrtki 1981, Phlips 1987). Csanady’s (1985) second study 
suggests tha t the equatorial mixed layer depth at the western boundary current 
(North Brazil Current, NBC) determines the magnitude of the northward heat 
transport.
Csanady (1987) connected the rate of warm water mass formation (equato­
rial upwelling of cold water turned into warm water by solar heating) with its 
northward tansport in the Atlantic by a mass balance argument. He assumed that 
the equatorial mixed layer depth at the western boundary controlled the rate of 
warm water mass formation by determining the extent of the eastern equatorial 
region where cold water upwells into the mixed layer. Steady state mass balance 
is reached at a  certain mixed layer depth at the western boundary. We discuss the 
details of this warm water mass balance model in the following because it consti­
tutes the basis of our model and it is also the only relevant model which focuses 
on the annual cycle of equatorial warm water mass formation.
2.1 Csanady’s (1987) warm water mass balance m odel in the equatorial 
Atlantic
Figure 6 shows the ten latitude degree wide equatorial Atlantic box for which 
the mass balance is calculated, with the in- and outflow terms. R  represents 
recirculation (if any) from the anticyclonic gyre through the northern boundary 
of the box. I  is inflow from the southern hemisphere via the eastern boundary 
current. These inflows into the equatorial box vary seasonally. W  represents the 
area-integrated upwelling into the mixed layer. T  is the only outflow allowed by 
the model, which is transported by the NBC. The total quantity of warm water
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 6. The terms of Csanady’s (1987) mass balance model in the 
tropical Atlantic ocean, (adapted from Csanady 1987).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(Q) in the mixed layer of the equatorial box changes at the rate:
?9- = R  + I + W - T  (2)
at
The terms of the mass balance were related to the seasonally varying easterly 
wind stress (uniform over the tropical Atlantic) and to the mixed layer depth at 
the western boundary, just outside the NBC, to obtain the seasonal variation of 
the total warm water mass. R  + 1  was arbitrarily taken to vary linearly with the 
easterly wind stress; W  was also related to the easterly wind stress and calculated 
from a dynamical balance (described in section 2.3); T  was determined from a 
hydraulic argument (described in section 2.4).
The response of Q to the annual cycle of wind stress (5) was then calculated. 
Figure 7 shows the result: a steady cycle for Q and also for the escape transport 
(E)  after a year (time scale is: t s ~  23days).
The main problem with these results is that the escape transport is nearly 
in phase with the wind stress which does not agree with the results of Sarmiento 
(1986) and Philander and Pacanowski (1986). As figures 4 and 5 show, the bulk 
of the heat is exported during northern winter when the winds are weak at the 
equator, so that the wind stress and the escape transport are out of phase.
This model is overidealized also in other ways: the equatorial upwelling is 
attributed to pure easterlies; the R  + I  terms are arbitrary. An improvement is 
attempted here in two directions: one, a detailed examination of the wind stress 
field and its seasonal variability, two, an estimation of warm water storage and its 
variability on the basis of observational evidence. Refering to equation 2, dQ/dt  
is estimated from observation, W  from the wind field with the aid of an upwelling
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 7. The seasonal cycle of the nondimensional heat storage (Q), 
escape transport (E ) and wind stress (5) in function of the nondi­
mensional time (t s = ~  23days), (adapted from Csanady 1987).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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model, and the net escape transport T  — (R  +  I)  is determined by the difference 
of the previous two terms.
2.2 The sea level wind field
It is known that the tropical atmospheric circulation is maintained by a pos­
itive feedback cycle. As the air rises in the center of the heat sources, its vapor 
fraction condenses and releases its latent heat content. The buoyancy so gained 
reinforces the upward motion. Upward mass flux is thus strong and concentrated 
in a small total area. It is compensated by weak subsidence over most of the 
equatorial region. The subsiding mass collects the latent heat from the sea surface 
along its path  to the heat sources. Subsidence heating balances the net radiative 
cooling of most of the troposphere, including specifically the near ground layer 
between the sea surface and the trade inversion. A steady-state thermal circula­
tion is maintained by the interaction of the driving (buoyancy) and resisting forces 
(friction and limitation of vapor supply).
Two kinds of atmospheric circulation cells can be found over the equatorial 
oceans. The cells with zonally directed circulation are called Walker cells, while 
the cells with meridionally directed circulation are the Hadley cells (Figure 8). 
The Walker cells result from updrafts at continental heat sources connected to 
subsidence over the oceans by zonal motions in the upper and lower troposphere. 
The Hadley cells result from updrafts over the heat sources of large zonal extent 
(continental heat sources and the ITCZ over the ocean) connected to subsidence 
in the subtropical highs by poleward and equatorward motions in the upper and 
lower troposphere. The joint effect of the Hadley and Walker cells is responsible 
for the typical Southeast and Northeast trades over the equatorial Atlantic. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 8. A schematic diagram of the zonal Walker circulation and the 
meridional Hadley circulation, (adapted from Kousky et. al. 1984)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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northward and southward migration of the heat sources change the winds at the 
equator, and with them equatorial upwelling.
Gill (1980) examined the tropical atmosphere’s response to diabatic heating 
in concentrated heat sources by reviving Matsuno’s (1966) model. The simplicity 
of the Gill model stems from the simple vertical structure of the heating associated 
with deep convection. Gill pointed out that the vertical structure of the heating, 
which is strong in the middle of the troposphere and weak at the bottom and the 
top of the troposphere, resembles the first baroclinic mode of the vertical velocity. 
Gill assumed, therefore, that the first baroclinic mode dominates the atmosphere’s 
response and deviations from this mode can be neglected. The atmosphere is ide­
alized as incompressible with constant buoyancy frequency and with rigid floor 
at the ground surface and lid at the tropopause. This idealization leads to the 
forced shallow water equations. The Gill model also applies to a two-layer atmo­
sphere with small perturbations about a state of rest which also leads to the forced 
shallow water equations.
The Gill (1980) model led to a surge of other investigations: Zebiak (1982), 
Lau and Lim (1982), Heckley and Gill (1984), Davey and Gill (1987), Phlips and 
Gill (1987). These have provided much insight especially into the dynamics of the 
Walker circulation.
The Gill model has not been used specifically to reproduce the sea level 
wind field in the tropical Atlantic but only for the tropical Pacific (Anderson 
and Mcreary 1985, Zebiak 1986). Seager (1991) calculated the sea level wind field 
for the global tropics using the Gill model. His model wind field reproduces the 
convergence zone at the ITCZ’s location and the increasing easterlies poleward
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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from the convergence zone. The winds at the equator, however, are not realistic.
The most recent models (Zebiak 1990, and Seager 1991) based on the Gill 
model conclude that using only the first baroclinic mode is an important short­
coming of these models. One problem is, that while the assumed vertical structure 
is more or less correct in the near equatorial region, it is much less correct pole­
ward from this region. Another problem of the Gill model is overidealization of 
sea-level dynamics. Seager (1991) points out that the model lacks an explicit 
boundary layer.
Modeling the sea-level wind field at all realistically requires correct representa­
tion of boundary layer processes. Neelin (1988) has explored an approach focusing 
on the atmospheric boundary layer. Neelin’s model is conceptually equivalent 
to Gill’s, although it ignores processes of the upper troposphere. We will apply 
Neelin’s approach in modeling the sea level wind field over the tropical Atlantic, 
to determine how the different model variables contribute to the resulting wind 
field.
2.3 The equatorial upwelling in the eastern Atlantic
Figure 9 shows the SST maps over the equatorial Atlantic for the four seasons. 
The lowest temperatures (23 — 24°) are found over the eastern equatorial Atlantic 
during northern summer. This cold water region, called the “cold water tongue”, 
extends from the eastern to the central basin and is positioned south of the equator. 
The other three seasons show higher SST (26 — 28°) in place of the summer cold 
water tongue, revealing less effective or no equatorial upwelling.
Analyzing the effects of the equatorial winds, Gill (1975) described two basic 
ideas through which the winds are thought to drive the equatorial oceans. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 9. Climatological SST maps over the equatorial Atlantic for 
the four seasons (adapted from Hastenrath and Lamb 1977a).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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first is tha t at and near the equator the easterly winds drive the water downwind 
which raises the surface in the western part of the ocean and the resulting pressure 
gradient drives an eastward current known as the Equatorial Undercurrent (EUC). 
The second mechanism Gill (1975) pointed out is that the westward winds produce 
Ekman fluxes, directed away from the equator. At the same time the pressure 
gradients set up in response to the easterly winds produce equatorward geostrophic 
flows below the surface. For these two reasons strong upwelling is expected in 
the near equatorial region (but only in a  near surface layer) which can supply 
cold water to the surface from subsurface levels (unless the mixed layer is so 
deep that upwelling merely recirculates warm water). Upwelling of cold water is 
experienced only in the eastern basin where the mixed layer depth is relatively 
shallow compared to the mixed layer depth in the western basin.
Equatorial ocean circulation modeling in the seventies did not help much in 
the understanding of equatorial upwelling. One or two active layer oceanic models 
(Cane and Sarachik 1976 and 1977) were used, which were based on the sharp 
equatorial thermocline separating the surface layer from a thermocline layer and 
deeper waters (the underlying strata). In these models the wind stress acted as 
a body force distributed over the upper layer. The models reproduced a zonally 
sloping surface in response to a uniform zonal wind stress, and the undercurrent 
in the thermocline layer.
When Gill (1982) discussed upwelling as upward thermocline motion, his dis­
cussion was based on Yoshida’s (1959) model. Yoshida (1959) calculated the re­
sponse of the equatorial ocean to transient wind stress forcing, using linear small 
displacement theory. One of the consequences of the uniform easterly wind stress
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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was an upward thermocline motion. This upward thermocline motion was sup­
posed to be followed by thermodynamic consequences, that is cooling of the surface 
mixed layer, the deteails of which were outside the scope of the model.
Schopf and Cane (1983) were the first to make a clear distinction between up­
welling and entrainment. They pointed out that entrainment of water from below 
the mixed layer into the mixed layer is the only process that can diminish SST. 
Upwelling defined as vertical motion of water relative to a geocentric coordinate 
system can make entrainment more likely or effective but SST only diminish if cold 
water is transfered from below the mixed layer into the mixed layer. They used 
the bulk turbulent kinetic energy budget based on the Kraus and Turner (1967) 
model to parameterize the physics of the wind mixing in order to determine the 
entrainment rate. One of their main result was that the calculated entrainment 
rate (ranging from 2.66 x 10-5m s-1 to 4.63 x 10-5 m s-1 ) eliminated the surface 
mixed layer, unless they applied surface heating. Even surface heating turned on 
was not sufficient to prevent the elimination of the mixed layer and they were 
forced to prescribe a minimum mixed layer depth, which was then quickly a t­
tained and maintained throughout the model runs. Schopf and Cane (1983) also 
applied southeasterly wind stress to drive their equatorial ocean model which did 
not produce a realistic SST pattern in the equatorial basin.
Csanady (1987) calculated the upwelling velocity from a uniform easterly 
wind stress balancing the vertical momentum advection from the EUC and the 
shear stress at the bottom of the mixed layer. The zonal presure gradient and 
the horizontal advection of zonal momentum was supposed to be negligible. The 
mixed layer depth was taken constant. The depth integrated zonal momentum
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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balance was then written:
PyV + weA u  = —tw +  rb (3)
where V  is meridional transport, we is entrainment rate, A u is velocity difference 
between the mixed layer and the undercurrent, t w  is westward directed wind stress 
and rb is shear stress at the bottom of the mixed layer. Off the equator the Coriolis 
force of meridional transport is added. The calculated upwelling velocity and the 
meridional transport (both of them in nondimensional units with the following 
scales wa =  1.5 x 10-5 m s-1 , Vs =  3m2s-1 ) are shown here in Figure 10 in 
function of the nondimensional meridional distance (with scale of ys = 209km). 
The entrainment rate is symmetric to the equator and almost uniform between 
2° S  and 2°N  where it sharply goes to zero. The main goal of this model was 
to obtain the total equatorial upwelling rate which turned out to be of the right 
order (estimated by Broecker 1978), It can be argued, however, that the results 
were dictated by the prescribed parameters (constant mixed layer depth which 
eliminated the need for surface heating; shear stress at the bottom of the mixed 
layer which was a fixed fraction of the surface stress).
Csanady (1993) extended the linear small displacement theory of equatorial 
upwelling under easterly wind stress (discussed by Gill 1982) to finite amplitude 
thermocline displacements under southeasterly wind stress to improve the param­
eterization of the equatorial upwelling. He used a finite amplitude solution for 
the idealized case of impulsive wind force application, followed by adjustment to 
geostrophic equilibrium. The oceanic responses to the zonal and meridional wind 
stress forcings were examined separately. The result was that the easterly wind
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 10. Nondimensional upwelling velocity (w) and meridional 
transport (V) in function of the meridional distance (y ) (with the fol­
lowing scales: wa = 1.5 x 10-5 m s-1 , Va — 3m2s-1 and ya =  209km),  
(adapted from Csanady 1987).
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stress raised and eventually disrupted the thermocline (given enough time) unless 
the zonal pressure gradient opposed it. The meridional wind stress caused only a 
slight tilt of the thermocline and held it that way in steady state.
Figure 11 shows observed mixed layer depth along the equator in July. The 
mixed layer is deep (70 — 80m) in the western equatorial Atlantic where the SST 
map shows no upwelling of cold water, that is the the wind stress here does not 
disrupt the strong equatorial thermocline. In the eastern equatorial Atlantic the 
SST is low due to the equatorial upwelling, while the mixed layer is maintained at 
a shallow depth (25 — 30m). The shallow mixed layer depth can be maintained by 
buoyancy flux due to surface heating (Schopf and Cane 1983). The three factors 
influencing mixed layer behavior and the entrainment rate into the mixed layer 
are: surface heat flux, upwelling under easterly wind stress and shear flow turbu­
lence. Csanady (1993) postulated an equilibrium state between these conflicting 
influences for the weak equatorial thermocline case, using a one-and-a-half layer 
idealization. He solved the equilibrium model and found a realistic equatorial up­
welling: the center of the equatorial upwelling was shifted south of the equator 
(due to the meridional wind stress) and the total volume of upwelled water was 
comparable to the estimated values. Our upwelling model is an application of this 
model to the eastern equatorial Atlantic.
2.4 Warm water transport out of the equatorial basin
Warm water transport out of the equatorial basin is the least explored part 
of tropical heat storage and transport processes.
The Schopf and Cane (1983) model did not allow an escape route for newly 
formed warm water, so it kept accumulating at the western boundary of the equa-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 11. The mixed layer depth along the equator in the Atlantic 
ocean in July (heavy broken lines denote the depth of tyhe mixed 
layer and the base of the thermocline), (adapted from Hastenrath 
and Merle 1986).
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torial basin.
Csanady’s (1987) model had an escape transport route for the formed warm 
water through the NBC. The escape transport rate of the warm water across the 
western boundary of the equatorial basin was parameterized in terms of the rest- 
depth ratio of the northern (outside the equatorial basin) and equatorial water 
masses. The rest depth of the northern water mass was taken constant (h3 = 
100m), the transport (T) to vary quadratically with mixed layer depth (h0) at the 
equator:
T =  r „ !  (4)
where To was an assumed reference transport value. The highest ho was reached 
during northern summer, therefore, the transport was highest during that season, 
the main problem of the model. This model had no warm water transport route 
across the northern boundary of the basin, because the northward directed Ek- 
man transport was supposed to be balanced by equatorward geostrophic transport 
(Roemmich 1983). Equation 4 may be justified by a vague appeal to hydraulic 
control, but it has no specific empirical backing.
McCreary and Yu (1992) transferred the warm water from the mixed layer 
into a higher density lower layer (the process is called detrainment) to prevent the 
accumulation of the warm water mass in the equatorial basin. This is admittedly 
physically unrealistic.
The only possible escape route for the equatorially formed warm water mass 
is poleward. But the question, what controls this escape, remains to be answered.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Chapter 3. The sea level wind field model over 
the tropical Atlantic
3.1 Climatological wind fields in the tropical Atlantic
We will attem pt to simulate the climatological wind fields of Hastenrath and 
Lamb (1977) over the tropical Atlantic. Figures 12 and 13 show the “target wind 
fields” for July and January over the tropical Atlantic basin with zonal bound­
aries at 10°S and 14°TV and with meridional boundaries at 42°W and 0°. These 
boundaries encompass most of the winds driving the equatorial oceanic current 
system, and controlling oceanic heat storage and export. The wind directions are 
shown by unit vectors and the wind speeds by contour lines in these figures.
The atmospheric domain to be investigated includes the continental heat 
sources, therefore it is much larger than the equatorial Atlantic ocean basin. The 
meridional boundaries of the atmospheric domain will be defined after specifica­
tion of the heat sources, while the zonal boundaries will be taken at 30° N  and 
30°S. These axe approximately the latitudes where the equinoctial Hadley-cells 
have their poleward limits.
Figure 12 portrays the summer Southeast and Northeast trades south and 
north of the ITCZ. The center line of the ITCZ is at this time approximately 
at 8°N.  The wind speeds of the Southeast trades decrease from 6 — 7ms-1 at 
the zonal boundaries to 2 — 3m s-1 at the ITCZ. The ITCZ is near the northern 
boundary of the atmospheric domain shown, therefore, the Northeast trades seen 
are weak: 2 — 3m s-1 . The wind field shows about 4m s-1 strong southerlies and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 12. Climatological resultant wind-field for July from Hasten-
rath and Lamb (1977).
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Figure 13. Climatological resultant wind-field for January from Has-
tenrath and Lamb (1977).












//././/./ . i i.VO
j j i . i A  i>. 
O  M / l  AJl A
✓vv
X X X X S - S S S /  
s y  yX /S -'S -t'S  
X X X ^ x l X - X X  •C.S. 
X  X  X x'X -X -X 'X  X  X  X  
xr-r xX ,X -:
l/t ,1.1 A Xl\
I 2 . \  A A
/y /'it/A .-’ .-




i * / y x . s
v x . / j . 7




A  AvAiisA A A A A A A  
A .V .V V 
A A A  .V A .V .V .V a  , v \
v  a  % a  O  *s a  a
■ A A A A ^ A 'A ' V N » .jC w » .
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southeasterlies in the eastern equatorial Atlantic. This latter feature is im portant 
on account of the equatorial upwelling.
Figure 13 shows the winter Southeast and Northeast trades shifted well south 
their summer position. The center line of the ITCZ is now approximately at 1 °JV. 
The wind speeds of the trades decrease from 6 — 7ms-1 at the zonal boundaries to 
2 — 3m s-1 at the ITCZ. We find predominantly meridional winds in the Southern 
hemisphere east of 18°W. Easterlies dominate west of 18°W and westerlies east 
of 18° W  at the ITCZ’s latitudes. The wind speeds increase from about 1ms-1 at 
18°W to about 5m s~ l at 40°W in the convergence zone.
3.2 Heat sources in the tropical Atlantic region
The heat sources which drive the equatorial wind field can be specified with 
the help of the observed net heating rate distribution maps given by Johnson 
(1989), Figure 14 here, and of climatological precipitation maps by Jaeger (1976), 
Figure 15. The previously defined atmospheric domain over the tropical Atlantic 
region is affected by several heat sources. The major ones are over South America, 
Africa (further designated as SAM and AFR respectively) and the ITCZ. It is 
reasonable to expect that the observed wind field over the tropical Atlantic can 
be simulated as the combined circulation caused by these heat sources.
Inspection of the heating distributions for January and July (Figure 14a-b) 
show how the heat sources and sinks migrate with the sun. The heat source cov­
ering northern South America in January, to be labeled “SAM”, can be distinctly 
identified with a net heating rate exceeding I K  day-1 in the center zone. Follow­
ing northern winter the heat sources migrate northwestward and the SAM heat 
source can be found in July over North and Central America with only a small
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 14. Mass-weighted vertically averaged heating rates (K/day) 
for a. January and b. July 1979. (Adapted from Johnson 1989)










9 0 5 60S 180 120W
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 15. Climatological precipitation in mm/month for a. January 
b. July. Contours are at 75 up to 300, stippled over 150. (Adapted 
from Jaeger 1976)
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part remaining over South America. The net heating rate in July is lower than in 
January, remaining below lK day~1 even in the center region.
The heat source over Africa, to be labeled “AFR”, is not an isolated one but 
is part of a larger Indonesian-Indian Ocean heat source. For the model only the 
westernmost extension of this heat source is significant, the more distant parts 
being unlikely to influence the tropical Atlantic. The AFR heat source also shows 
northwest and southwest migration with the sun. In January the highest heating 
rate is about \K d a y ~ 1. The heating rate drops over the AFR heat source too, 
from January to July, not reaching 0.5Kday-1 in July.
The meridional excursion of a positive heating rate band identified as the 
ITCZ over the tropical Atlantic is also observable in the heating distribution maps. 
The ITCZ connects the above described two continental heat sources over the 
ocean. The heating rate of the ITCZ is more or less uniform over the ocean and 
it is between 0 and 0.5A’day-1 in both seasons.
The climatological precipitation maps of Jaeger (1976), shown in Figure 15a 
and b confirm both the migrations and the positions of the heat sources. In these 
figures the heat sources may be taken to be the stippled areas representing precip­
itation over 150m m /m o n th  (contour intervals separated by 75mm/month) .  The 
center regions of the positive heating rate areas in the previous heating distribution 
maps more or less coincide with the centers of the stippled areas in Figures 15a 
and b. The strength of the heat sources derived from the heating distribution 
maps are also proportional to the quantity of precipitation. In January the pre­
cipitation exceeds 300mm /m onth  in the centre of the SAM heat source, while the 
area covered by such a high precipitation is about ten times larger, than the area
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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having the same precipitation in July. The AFR heat source has precipitation 
values of 150 — 225m m /m onth  and only small areas exceeding 225m m/m onth .  
The stippled zone covers a wider area in January than in July. The precipitation 
values over the ITCZ show an even distribution. Relatively high precipitation can 
be seen in an about 6 latitude degree wide zonal band over the tropical Atlantic 
ocean in both months. These precipitation values, however, reach 150m m /m o n th  
only in small patches.
The relationship between precipitation and heating rate is obtained from:
Q = P - ^ j j  (5)Cppa-t2
where Q is heating rate in (A's-1 ), P  is precipitation in (m s-1 ), L  =  2.44 x 
106 Jkg~ 1 is latent heat of condensation, pw — lOOOfĉ rm-3 is water density, pa = 
1.3kgm~3 is characteristic air density, cp =  \QQbJkg~1K ~ 1 is specific heat at 
constant pressure and H  =  10km  is the scale depth of the atmosphere. This 
equation gives the total heat release rate (in dimensional form); the net heating 
rate is thus Q less the background cooling rate of about lK day~ i . Using this 
equation: 300m m /m o n th  precipitation corresponds to 1.87K/day  heating rate; 
when diminished by \K day~1 the values are somewhat less than the net diabatic 
heating rates of Johnson (1989).
The horizontal locations of the heat sources are idealized for the model calcu­
lations as shown in Figure 16 for January (stippled) and July. Broken lines show 
the boundaries of the oceanic domain (boundaries of the “target wind field” ). The 
length (zonal) and width (meridional) of the heat sources are taken to be the same 
in both seasons. The width of the SAM heat source is chosen to be 12° latitude,
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Figure 16. Idealized horizontal distribution of the heat sources in 
July and in January (latter shaded). The boundaries of the oceanic 
subdomain (42°W-0° and 10°S-14°jV).
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twice the width of the AFR heat source and the ITCZ. The lengths of the SAM 
and AFR heat sources are 30° longitude, the ITCZ’s length is 60° longitude. The 
zonal center line of the AFR heat source and the ITCZ is at l°iV in January, 8°N  
in July. The zonal center line of the SAM heat source is 3° latitude south of the 
ITCZ’s zonal center line in both seasons. The meridional center line of the heat 
sources are at the following longitudes in January: SAM (85°W), ITCZ (40°W) 
and AFR (5°E).  In July these center lines are shifted eastward by 15° longitude. 
The real ITCZ encloses a slight angle with the equator but for simplicity the model 
ITCZ is taken parallel to the equator.
The area-integrated energy released in a heat source is calculated from:
E  = A P p wL  (6)
where A  is the area of the heat source and the other parameters are as in equa­
tion 5. Taking a precipitation surplus of 75m m /m on th  in January compared to 
July over the SAM heat source (Figure 15) yields .31 petawatt more energy re­
leased in January than in July. This signifies that in January a large portion of 
the radiative heat gain of the ocean is transfered back to the atmosphere in the 
form of latent heat due to the high SST.
3.3 B o u n d ary  layer m odel
This part of the work is an application of Neelin’s (1988) model of the sea-level 
wind field to the tropical Atlantic and surrounding regions. Neelin has driven the 
flow by a distribution of vertical velocity at the top of the atmospheric boundary 
layer, and showed that such a model was conceptually equivalent Gill’s (1980), 
although it ignored processes of the upper troposphere.
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From the point of view of the planetary boundary layer the heat sources 
are mass sinks, the total strength of which is balanced by subsidence, a widely 
distributed mass source.
3.3.1 The m odel equations
The model attem pts to simulate large scale seasonally averaged flow. The 
horizontal momentum equations are linear and contain no time dependent terms:
- r v  — m
(8)
where U and V  are depth integrated transports (from the surface to the top of 
the boundary layer). Otherwise conventional notation is used, x  and y are zonal 
and meridional coordinates, pressure and sea level wind stress ( rx, ry) are divided 
by air density, /  =  fly is Coriolis parameter (f3 = 2.3 x 10- n m -1 s -1 ). The depth 
of the boundary layer (if, supposed constant) is one of the tunable parameters 
of the model, within limits imposed by observations (Firestone and Albrecht 1986 
showed that the structure of the atmospheric boundary layer over the tropics is 
remarkably uniform with the trade inversion between 700 and 800m6).
The air in the boundary layer is taken incompressible, hence the vertically 
integrated continuity equation is:
dU dV
where w is vertical velocity at the top of the boundary layer. The vertical velocity
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vanishes at the bottom of the layer.
We assume that the sea surface wind stress is proportional to the boundary 
layer transports:
tx =  K U  (10)
Ty = K V  (11)
where K  represents a friction coefficient with the physical dimension of 1/time. 
K  is another tunable parameter of the model.
A vorticity equation is obtained upon taking curl on (7) and (8) and substi­
tuting (10) and (11):
Using the continuity equation to eliminate the zonal transport component, one 
arrives at an advection-diffusion equation for meridional transport:
d2V  d2V  (3_dV_ _  (3y_dw _  dw
dx2 dy2 K  dx K  dx dy
which is to be solved with prescribed vertical velocities.
We impose no inflow boundary conditions at the zonal boundaries of the 
atmospheric domain:
V ( ± N )  =  0 (14)
where N  stands for 30° latitude. The meridional boundaries of the atmo­
spheric domain are taken at longitudes which divide the continental heat sources
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
into approximately equal halves as suggested by Figures 14 and 15. The merid­
ional boundaries move seasonally, following the southeast to northwest migration 
of the heat sources. The western boundary of the atmospheric domain across the 
middle of the SAM heat source is at 70°W  in January and 85°W in July. The 
eastern boundary across the the middle of the AFR heat source is at 20°E  in Jan­
uary and 5°E  in July. These boundaries of the atmospheric domain are shown in 
Figure 17. We prescribe a reentrant condition for the zonal transport component:
U( 0) =  U{L) (15)
where L  is the zonal extent of the atmospheric domain.
3.3.2 Forcing
The results of Betts (1989) are used to quantify the subsidence velocities
over the divergent zones. Betts (1989) postulated an equilibrium state for the
atmospheric boundary layer and integrated energy fluxes from the surface to the 
top of the boundary layer. The isobaric subsidence velocity (oja = dp/dt) is found 
from this budget to be:
( N - F s)g
Us A9cpPa ( }
where N  is mean radiative cooling of the boundary layer, Fs is surface flux of
sensible heat and A9 is the potential temperature difference from subcloud level 
to above the trade inversion. We obtain a characteristic subsidence velocity iv„ =  
—u>s/g ~  .0035ms-1 (which for constant boundary layer thickness doubles as 
entrainment velocity) at the top of the boundary layer, for the following typical
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Figure 17. The meridional and zonal boundaries of the atmospheric 
domain in July and January (solid lines) and the boundaries of the 
oceanic subdomain.
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properties of the tropical atmospheric boundary layer: N  =  50 W m -2 , Fs =  
lOWm-2 and AO =  9K  (g = 9.81ms-2 , cp =  100§Jkg~l K ~ l and the density 
of air is pa = 1.2kgm~3). The value of AO is as given by Kuo and Schubert 
(1988). The parameters in equation 16 do not vary much from season to season, 
therefore, the subsidence velocity is nearly constant throughout the year. N  is 
somewhat weaker in July than in January, so that ws = .0035ms-1 in January 
and ws =  .003ms-1 in July will be used in the model experiments.
The horizontal distribution of the forcing is shown in Figure 18. The cross- 
hatched regions represent the heat sources with positive vertical velocities at the 
top of the boundary layer. South and north of the heat sources are the subsidence 
regions. The SAM heat source (eastern half of SAM heat source of Figure 16) 
extends 15° of longitude zonally and 12° of latitude meridionally (between 0-xi 
and j/o-J/2 )- The ITCZ is between x\-X2 and yi-i/2 ) that is 60° of longitude and 6° 
of latitude. The AFR heat source (western half of AFR heat source of Figure 16) 
lies between X2 -L (=  15° of longitude) and 2/1-J/2 - The southern boundary is: 
?/o =  8°S' in January and i/o =  I 0-? in July.
The heat sources satisfy the following conditions (the SAM heat source divided 
into a northern (SAM.N) and southern (SAM5 ) half and the conditions for them set 
separately): the updraft velocities of the individual heat sources are constant; the 
updraft velocity of the AFR heat source is between 1/3 and 2/3 of the SAM^ heat 
source’s updraft velocity; the updraft velocity of the SAM5 is equal or less than 
the updraft velocity of the SAMN; the subsidence velocity is the same constant in 
both subsidence regions; the model conserves mass, so that total updraft balances 
total subsidence:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 18. The atmospheric domain with all the forcing applied. 
Cross-hatched area represents the heat sources. Subsidence velocity 
is constant in the remaining regions.
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r L  p N
I /  wdydx =  0 (17)
J 0  J - N
Figure 19 shows a perspective view of a possible vertical velocity distribution.
The forcing is separated into an x-independent (iu;) and two x-dependent (w,u 
and Wd2 ) parts to obtain this distribution. The separate solutions: (Vi, £/,-) and 
(Vizi, Udi and Vi/2 , Udi) can be superimposed since equation (13) is linear.
The simulated domain is divided into four bands (Figure 20) in the x-indepen­
dent part of the solution. Bands 1 and 4 are divergent ( w ^  and are negative),
bands 2 and 3 are convergent and are positive). Subsidence and updraft 
velocities are constant over the separate bands. Updraft velocities balance the 
subsidence velocities. Updraft velocities in bands 2 and 3 are not the same. They 
are chosen so that together with the x-dependent forcing they satisfy the prescribed 
heat source distributions. A possible meridional distribution of an x-independent 
forcing is shown in Figure 21.
The southern half of the SAM heat source (SAMs ) operates in band 2. The 
subsidence portion (w^ ) satisfies:
f  ‘u>d^Mdx +  f  w*n dx =  0 (18)
J o  Jx !
This x-dependent forcing occupies band 2 in July and is responsible for the Walker 
circulation over that oceanic band. A possible zonal vertical velocity distribution 
of this forcing is shown in Figure 22. Equatorial upwelling takes place during this 
month, therefore it is especially important to simulate the right wind field there. 
Consequently the x-independent w ^  is chosen so that is large enough to
generate the right zonal winds.
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Figure 19. Perspective view of a possible vertical velocity distribution 
at the top of the boundary layer.
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Figure 20. The atmospheric domain divided into four bands (1 and 4 
are divergent bands, 2 and 3 contain convergences).
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Figure 21. A meridional distribution of the x-independent forcing.
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Figure 22. A zonal vertical velocity distribution of a possible x- 
dependent forcing (southern half of SAM) superimposed on band 2.
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The second x-dependent part of the forcing represents the northern half of 
the SAM heat source (SAM^), the ITCZ and the AFR heat source. This forcing 
extends over band 3. A possible zonal vertical velocity distribution is shown in 
Figure 23. These vertical velocities have to satisfy the following equations:
f  WdvMdx -f f  wId2 CZdx +  f  w j £ Rdx = 0 (19)
Jo J x i  J x 2
SAM heat source has constant intensity:
w^  = w^  +  wd2 M (20)
The relationship between the the AFR heat source and the SAMW heat source is:
+  wd2 M — Kwd 2 R +  w ^ )
1 2
where -  < b < -  (21)
3 ~  “ 3 v '
Wd2CZ + ™(3) > 0 (22)
3.3.3 Solution o f the x-independent forcing
The y-dependent terms in equation (13) give the simple relation for the merid­
ional transport:
Vi = -  f  Widy (23)
J -N
Expressed separately for divergent and convergent bands:
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Figure 23. A zonal vertical velocity distribution of a possible x- 
dependent forcing (northern half of SAM, ITCZ and AFR) super­
imposed on band 3.
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V;(1) =  -  f *  ww dy (24)
J -N
F /2) =  -  f Vw ^ d y  + V ^ \ y o) (25)
Jyo
y /3> =  -  f V W^ d y  + Vl2\ y i ) (26)
Jy \
VtW = -  w ^ d y  + Vt{3\ y 2) (27)
Jy2
The y distribution of the meridional wind components (transport divided by the 
depth of the atmospheric boundary layer H  =  3000m) is shown in Figure 24. a 
for July (u^1) =  =  —.003ms-1 , W2 = .008ms-1 =  .018ms-1 ) and
in Figure 25.a for January (uJ1) =  u /4) =  —.0035ms-1 , W2 =  .009, =
.019ms-1 ). The subsidence is somewhat stronger in January when there is more 
evaporation over the equatorial band than in July.
The meridional winds show relatively strong northward directed cross equa­
torial flow in July. There are weak meridional winds over the equator in January, 
due to the proximity of the convergence zone.
The corresponding zonal transport is derived from the vorticity equation:
fVi
Ui = (28)
One finds for the separate bands:
Ui 1] = —p  ^  w{1)dy (29)
-h J -N
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Figure 24. The meridional distribution of the meridional wind compo­
nent (a) and the zonal wind component (b) in July, calculated from the 
x-independent forcing ( u /1* =  =  —.003ms-1 , =  .008ms-1 ,
u>(3) = ,018ms-1 , K  =  6 x 10-6 s -1 )
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Figure 25. The meridional distribution of the meridional wind com­
ponent (a) and the zonal wind component (b) in January, calcu­
lated from the x-independent forcing (w ^  = —.0035ms-1 ,
w ^  — .009ms-1 =  .019ms-1 , K  =  6 x 10-(is -1 ).
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(a) 
Meridional wind component in January
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V™ = - g  f ' < ° m i v  + (30)
(3i>
v\" = -  J  / ’w'“d'< + ]̂ V!V'■«'-> (32)
The meridional distribution of the zonal wind components are shown in Figure 
24.b and 25.b ( K  =  6 x  10-6s-1 ).
The x-independent forcing reproduces the easterlies in the off-equatorial re­
gions. The easterlies vanish at the zonal boundaries of the atmospheric domain. 
The zonal winds become westerlies, however, between the equator and 8°IV In 
July. There are no westerlies in January.
3.3.4 Solution of the x-dependent forcing for a single harmonic
Both x-dependent forcings are Fourier cosine decomposed. We give the solu­
tion here for a single harmonic:
^ ( . t )  = w eikx(H(y - Vl) ~  H(y -  y2)) (33)
where H(y) is the Heavyside operator and w is the amplitude of the chosen 
harmonic. The real part of equation (33) represents the forcing. We assume that 
Vj, has similar x-dependence:
v*(xt y) = riv)e'kx (34)
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where p(y) is not necessarily confined to j/i < y < y2. Substitution of equations 
(33) and (34) into equation (13) yields:
li" - p 2p = j jr ikw '(H(y  -  yi) -  H(y  -  y2)) (35)
where:
p2 = k2 — ik-j;
The homogeneous solution to equation (35) is of the form of ph 
cosh(py). There is also a particular solution, found by inspection:
/v  = ~ Y ^ ikw '(H (y ~  2/i) -  H (y ~  2/2 )) (37)
The solution to equation 35, satisfying the boundary conditions Vd(±N)  =  0
is:
P(* \y )  = Asinh(p(y + N))  
fo r  ( - N  < y  <y i )  (38)
**]{y) = +  Bsinh(p(y -  yx)) +  Csinh(p(y -  y2))
for  (yi < y < y2) (39)
p{;**)(y) = D s i n h ( p ( y - N ))
for  (j/2 < y  < N )  (40)
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=  sinh(py) or
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where (*),(**) and (* * *) denote the bands defined in the above equations (not 
the same bands as defined in the x-independent part of the forcing). A, B, C, D 
are constants, which can be determined using the following continuity conditions 
of the meridional and zonal transports at y\ and y2:
$Hvi) = )
ArHm) =
u f k v 2 ) = V '-r\y i )
The zonal transport components are calculated from the vorticity equation, which 
become after division by elkx:
U(*)e-ikx =  ±  t  +  ik)cosh(p(y + N))  
p  A
for  ( - N  < y  < y i )  (41)
r r ( * * )  - i k x  k P V lw  n  • /?  x , B  ( P  , w  ,  xx
d =  2Kp* ~ %k ’ ~p ' k  l k )cosh( p ( y -  yi ) )
C 3 ' fly2 w k2
+ 7 ^ 7  +  l k )cosh(p(y ~ V2 )) -  ^  +  -rr(-2  -  2)p  A  2 A  ?/c p i
fo r  (y! < y  < y 2) (42)
= ^ ( 1  + ik)cosh(p{y -  N))  
for  y2 < y  < N  (43)
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Uj**  ̂ includes:
w ,k 2 {kr
i k (7  - 2)6
which is an x-dependent function derived from the continuity equation.
We introduce the following abbreviated notations:
s i n  = sinh(p(yi +  N))  
s2n  =  sinh(p(y2 -  N))  
s12 = sinh{p(yi -  y2)) 
s2i = sinh(p(y2 -  j/i)) 
ciN = cosh(jp(y\ +  N )) 
c2N = cosh(p(y2 -  N )) 
c12 =  cosh(p(y\ - y z ) )
c2\ =  cosh(p(y2 -  2/1 ))
P •,ti = — + ik
A










The constants A, 5 ,  C and D  are with the above notations:
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P > ,C \N y \  , C2 NV2 -, , k p w  t 2 ,  2 , V2 sc = wr2tkm (^ r +^  + m=fs7 0,1 + ^ )_
« ~ ' . (! 4 + , ; ) + * (A  + 1) (44)
2Kz2t\ z\ z2 z\
B  = _g«_ f e  a V  + k/3u,'yj _ h _ + C _  pD yl a . +  ±  
z i s 2N K p  2 K p  z i t i  z \  2 K t i Z i  z \
A  = ---- (Cs\2 — i J\  ikw ) (46)
m  N I \ p l
D = ——(B s2i — ^ —^ i k w )  (47)
S2N  A  p z
3.3.5 Choice of parameters
Observationally found boundary layer depths vary from H  =  2000m to H  = 
3000m. We take K  = 6 x 10-6s-1 in the first model runs. This is the value Neelin 
(1988) used. We will examine how increased or decreased dissipation affects the 
resulting wind fields.
The x-independent forcing is labeled I  on the model results. One of the x- 
dependent. forcings representing the SAM, AFR heat sources and the ITCZ will 
be designated II .  Figure 26 shows how the first five and ten harmonics represent 
this forcing. I l l  will show that the second x-dependent forcing is turned on. 
This latter represents the southern half of the SAM heat source, illustrating that 
the SAM heat source is larger than the AFR heat source. Figure 27 shows how 
this forcing is represented by the first five and ten harmonics. Both x-dependent 
forcings are represented by ten harmonics in the model runs.
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Figure 26. The x-dependent forcing ( I I )  represented by the first 5
harmonics (a) and 10 harmonics (b).
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Figure 27. The x-dependent forcing ( II I )  represented by the first 5
harmonics (a) and 10 harmonics (b).
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The updraft velocities of the heat sources are nearly the same in both seasons 
due to the same heat source dimensions, the nearly same subsidence over the 
divergent regions, and the mass conservation. Consequently we need the vapor 
concentration values at the bottom and top of the heat sources to connect the 
updraft velocities to heating rates. Unfortunately, these values are not available 
in the literature. Vapor concentration at the top of the heat sources is very low 
in both seasons and can assumed to be the same in January and July. Higher 
precipitation rates in January indicate higher vapor concentration at the bottom 
of the heat sources which correspond to higher heating rates.
3.3.6 Results
We will show the model results for the whole investigated atmospheric domain 
and for the atmospheric subdomain over the equatorial Atlantic basin, as a cutout 
from the whole domain (whole domain is labeled a and the subdomain is labeled b 
on the result figures). The July and January cases are discussed separately. The 
magnitudes of the model wind vectors are proportional to the wind speeds. We will 
show the combined and independent effects of the separate forcing mechanisms.
3.3.6.1 July
First we examine the effect of H  and K  on the x-independent forcing. The 
x-dependent forcings are then introduced separately. The maximum wind speed 
of any calculated wind field is given in the lower right corner.
Figures 28 and 29 show the wind field for H  =  3000m and H  =  2000m respec­
tively. Both wind fields show the Southeast and Northeast trades with decreasing 
wind speeds from the zonal boundaries of the oceanic domain. Increased bound-
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Figure 28. The July wind field in response to the x-independent 
forcing (J) (a), in the atmospheric domain (b). in the oceanic 
domain. H  =  3000m, (u /1) =  =  —,003ms-1 , w ^  =  .008,
it/3) =  .016ms-1 , K  =  6 x 10-(is -1 )
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Figure 29. The July wind field in response to the x-independent 
forcing (I ) (a), in the atmospheric domain (b). in the oceanic 
domain. H  =  2000m, (u /1* =  =  —.003ms-1 , w ^  =  .008,
=  .016ms-1 , K  = 6 x 10-6s -1 )
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ary layer depth leads to decreased wind speeds. The effects of different dissipation 
constants are shown in Figures 30 and 31. K  =  3 x 10-6 s _1 ~  (4day)~1 in Figure 
30, K  — 7 x 10-6 s-1 ~  (1.3day)-1 in Figure 31. The other parameters remain as 
in Figure 28. Major differences can be seen in the wind speeds, reaching 20m/ s  
with weaker dissipation, and 8.8m/ s  with stronger dissipation. Another outstand­
ing difference, caused by the different dissipation constants shows up in the wind 
directions, higher friction leading to greater meridional flow. Equation 28 shows 
tha t the zonal transport component is inversely proportional to the dissipation co­
efficient, while the meridional component depends only on Wi. Consequently the 
zonal wind component increasingly dominates the wind direction with decreasing 
dissipation.
The x-independent forcing gave fairly realistic off-equatorial easterlies, and 
realistic meridional flow across the equator, but around the convergence zone the 
wind field is grossly unrealistic.
The effect of the first x-dependent forcing ( I I )  is shown in Figure 32. The 
updraft velocity of the AFR heat source is taken 1/3 of the SAM ^’s updraft 
velocity. The partition between the eastward and westward directed flow is at 
around 10° W  in the convergence zone.
combining the effect of the first x-dependent forcing and the x-independent 
forcing of Figure 31 is shown in Figure 33. The southwesterlies are decreased in 
the ITCZ’s zone west of 10° W due to the effect of the easterlies, and the south­
westerlies are increased east of 10° W.  Figure 34 shows the zonal and meridional 
components of the wind at the equator between 30° W  and 0°: solid lines display 
the wind components extracted from the July “target wind field” of Hastenrath
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Figure 30. The July wind field in response to the x-independent forc­
ing (I)  (a), in the atmospheric domain (b). in the oceanic domain. 
K  = 3 x 10-6 s-1 , H  = 3000m (remaining parameters as in Figure 
28).
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Figure 31. The July wind field in response to the x-independent forc­
ing (I) (a), in the atmospheric domain (b). in the oceanic domain. 
K  =  8 x 10-6 s _1, H  =  3000m (remaining parameters as in Figure 
28).
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Figure 32. The July wind field in response to the x-dependent forc­
ing (II,  northern half of SAM, ITCZ AFR) (a), in the atmospheric 
domain (b). in the oceanic domain. K  =  8 x 10-6s -1 , H  =  3000m 
{'wd2 M = •047ms-1 , l o ^ 02  =  -.013m s-1 , w $ f R =  .005ms-1 )
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Figure 33. The July wind field in response when the x-independent 
forcing (I ) of Figure 31 is added to the x-dependent forcing ( I I )  of 
Figure 32 (a), in the atmospheric domain (b). in the oceanic domain.
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Figure 34. The zonal (a) and meridional (b) wind components along 
the equator in the eastern equatorial Atlantic (30°TF-0°). Solid line 
from observations (Figure 12 here from Hastenrath and Lamb 1977), 
broken line from model calculations of Figure 33.
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and Lamb (1977); broken lines denote the wind components from Figure 33. This 
comparison shows that the model wind field fails to show the fairly strong east­
erly wind components at the equator, suggesting the need of a strong Walker- 
circulation originating over South America.
Figure 35 shows the effect of the second x-dependent forcing ( I I I ) ,  located 
between 1°5 and 5°N.  The updraft velocities of both the northern and the south­
ern half of the SAM heat source are taken the same. This forcing generates the 
easterlies at the equator.
All the three heat sources are turned on in Figure 36 (Figures 33 and 35 
added). This resulting model wind field shows the major wind patterns of the 
target wind field. Figure 37 compares the resulting model wind components of 
Figure 36 to the “target wind” components at the equator. The zonal wind com­
ponents of the model wind represent the observed zonal wind components fairly 
well. The model meridional wind components are somewhat weakened in the final 
wind field when compared to that of Figure 34. The resulting meridional winds are 
therefore an average lm.s-1 less than the observed meridional wind components 
at the equator. The model wind field can not reproduce the exact wind pattern of 
the eastern Atlantic due to the prescribed position of the ITCZ in the model. The 
ITCZ encloses a slight angle with the equator in reality, so the convergence zone 
is shifted north in the eastern sector compared to the western sector, producing a 
northward shift of the consequent wind pattern in the east.
3.3.6.2 January
Figure 38 shows the wind field for the x-independent forcing ( H  =  3000m and 
K  — 9 x 10-6 s-1 ). The dissipation constant is slightly increased compared to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 35. The July wind field in response to the x-dependent forcing 
{II I ,  southern half SAM) (a), in the atmospheric domain (b). in the 
oceanic domain. K  — 8 x 10-Bs -1 , H  =  3000m {w^  =  —.011ms-1 , 
wd \ M = -055ms-1 )
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Figure 36. The July wind field in response when the x-independent 
forcing (I) of Figure 31 is added to both x-dependent forcings (II)  
and ( I I I )  of Figures 32 and 35 (a), in the atmospheric domain (b). 
in the oceanic domain.
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Figure 37. The zonal (a) and meridional (b) wind components along 
the equator in the eastern equatorial Atlantic (30°W-0°). Solid line 
from observations (Figure 12 here from Hastenrath and Lamb 1977), 
broken line from model calculations of Figure 36.
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Figure 38. The January wind field in response to the x-independent 
forcing (I) (a), in the atmospheric domain (b). in the oceanic domain. 
H  =  3000m, K  = 9 x 10-Gs -1 ( w ^  =  w^  =  —.0035ms-1 , w ^  = 
,001ms-1 =  ,027ms-1 ).
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most appropriate dissipation constant of the July model wind field. Additional 
model runs showed an even higher dissipation constant more appropriate: K  =
1.1 x 10- 5 s -1 ). Figure 39 shows the wind field with this higher dissipation constant 
forced by the x-independent forcing. Figure 39 displays realistic off-equatorial 
easterlies, but the winds at the ITCZ’s latitudes are unrealistic again.
The effect of the first x-dependent forcing (I I )  is presented in Figure 40. The 
updraft velocity of the AFR heat source is 2/3 of the SAM ^’s updraft velocity. 
This forcing produces realistic flows in the convergence zone, with easterlies west 
of 5°W and westerlies east of 5°W.
Figure 41 shows the effect of the first x-dependent forcing of Figure 40 added 
to the x-independent forcing of Figure 39. This figure produces the major wind 
patterns of the target wind field: Southeast and Northeast trades and the easter­
lies and westerlies in the convergence zone. Figure 42 compares the model wind 
components of Figure 41 to the observed wind components at the equator in the 
eastern Atlantic. The model zonal wind components are less than lm s - 1  smaller 
than the observed zonal wind components west of 13° W  and are almost the same 
east of this longitude. The model meridional wind components remain far below 
the speeds of the observed meridional winds. This is due to the irreducable weak­
ness of the model that is the ITCZ is not displaced further north over the eastern 
sector than over the western sector.
Figures 41 and 42 showed that the x-independent and the first x-dependent 
forcing (I I )  could reproduce a realistic wind field. Consequently the second x- 
dependent forcing ( I I I )  has to be weak. The SAMs ’s updraft velocity is taken 
less than 1/3 of the SAMW’s updraft velocity. The effect of the second x-dependent
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 39. The January wind field in response to the x-independent 
forcing (I)  as in Figure 38 but K  =  1 . 1  x 1 0 - 5 s - 1  (a), in the atmo­
spheric domain (b). in the oceanic domain.
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Figure 40. The January wind field in response to the x-dependent 
forcing (77, northern half of SAM, ITCZ AFR) (a), in the atmospheric 
domain (b). in the oceanic domain. K  = 1.1 x 10- 5 s -1 , H  =  3000m 
(wft2 M =  .04ms-1 , 'wltJ c z  = —.0144 m s-1 , w $ f R = .0176ms-1 )
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Figure 41. The J anuary wind field in response when the x-independent 
forcing (I)  of Figure 39 is added to the x-dependent forcing ( I I )  of 
Figure 40 (a), in the atmospheric domain (b). in the oceanic domain.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90




60 U 50 W 30 U 20 W 10 U 10 E
70 W L ong i t u d e s 20 E
0.761E+01 
MAXIHUN* VECTOR














40 U 30 U 20 W 10 U
42 W Long i tud es 0
0 .716E+01
maximuTT vector
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 42. The zonal (a) and meridional (b) wind components along 
the equator in the eastern equatorial Atlantic (30oW-0°). Solid line 
from observations (Figure 13 here from Hastenrath and Lamb 1977), 
broken line from model calculations of Figure 41.
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forcing ( I I I )  is shown in Figure 43.
Figure 44 shows the resulting wind field when all the three forcings are turned 
on. This figure is the sum of Figures 41 and 43. It is essentially the same as 
Figure 41, but there is an increase in the westward directed flows of the near- 
equatorial band. Figure 44 does not show the westward turning winds in the 
convergence zone of the eastern Atlantic. This is partly due to the ITCZ’s position 
The x-independent forcing would generate westerlies north of the equator if the 
ITCZ were shifted north over the eastern Atlantic as in July. Figure 45 shows the 
model wind components of Figure 44 with the observed wind components at the 
equator. The model zonal winds are in very good agreement with the observed 
zonal winds throughout the eastern Atlantic while the meridional winds show the 
same deficiency as of Figure 42.
3.4 Conclusions
The sea-level wind field obtained from the boundary layer model simulates 
the observed wind field very well in direction as well as in magnitude. The July 
model wind field reproduces the zonal and meridional wind components of the 
observed wind field at the equator very well. The January model wind field can 
reproduce only the zonal wind component of the observed wind field, the model 
meridional wind component is much smaller than the observed meridional wind 
component due to the ITCZ’s position.
This model experiment showed that correct representation of boundary layer 
processes are necessary to the simulation of the sea-level wind field.
The heat source positions are the most important factors in simulating the 
observed circulations.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 43. The January wind field in response to the x-dependent 
forcing {II I ,  southern half of SAM) (a), in the atmospheric domain 
(b). in the oceanic domain. I\ =  1 . 1  xlO - 5 .s-1 , H  =  3 0 0 0 =  
.0225ms_ I, w*dj =  -,0045m s-1 ).
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Figure 44. The January wind field in response when the x-independent 
forcing (I)  of Figure 39 is added to both x-dependent forcings ( I I )  
and ( I I I )  of Figures 40 and 43 (a), in the atmospheric domain (b). 
in the oceanic domain.
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Figure 45. The zonal (a) and meridional (b) wind components along 
the equator in the eastern equatorial Atlantic (30°W-0°). Solid line 
from observations (Figure 13 here from Hastenrath and Lamb 1977), 
broken line from model calculations of Figure 44.
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Both x-independent and x-dependent forcing are required to produce the cor­
rect wind field at the equator, x-independent forcing generated the meridional 
winds while the x-dependent forcing produced the zonal winds leading to the ob­
served wind pattern.
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Chapter 4. The equatorial upwelling in the  
eastern Atlantic
4.1 Equatorial upwelling model
The goal of our examination is to determine how the total volume of upwelled 
water depends on wind stress forcing. We use one of Csanady’s (1993) model for 
this purpose, briefly described in the following.
Once prolonged easterlies cause the main equatorial thermocline to surface, 
fronts form and the equatorial “cold tongue” develops. For the disrupted ther­
mocline of the “cold tongue” an equilibrium state is postulated between the three 
conflicting influences: surface heat flux, upwelling under easterly wind stress and 
shear flow turbulence. A one-and-a-half layer idealization is used with negligible 
zonal gradients of mixed layer pressure and velocity. The mixed layer westward 
zonal velocity and the buoyancy are interpreted as being relative to the upper 
strata of the undercurrent. With these assumptions the mixed layer variables: 
depth (h), buoyancy (6 ), zonal and meridional velocity (u,v)  and the entrainment 
rate (w ) are all functions of latitude, zonal and meridional wind stress (u*2,v*2) 




flyV  =  — u *2 (48)
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a dh v*2
0 y u  = - \ J r ~  (49)
dV
-  =  v, (50)
d(6V) „ , ,
V = s  (51)
The physics of entrainment is used to get a fifth equation for the five un­
knowns. Following the literature on the subject, the rate of turbulence energy 
production is assumed to be proportional to the wind stress times rate of strain. 
A fixed fraction of this energy is supposed reconverted into organized form of en­
ergy, the potential energy of the mixed layer. Therefore potential energy gain of 
the mixed layer is expressed by:
u*2u
wb =  — 7  (52)
where 7  is the entrainment coefficient.
It is asumed that V  =  0  at some y = ys because the meridional transport (V )
changes sign at or near (south of) the equator. The other mixed layer variables
(depth, zonal velocity buoyancy and entrainment) at this latitude are: hs, —u s, 
bs and w3. Substituting these variables into equations 48-52 give the following 
relationships between them:
w$u $ — 'u (b3)
ioab3 = B  (54)
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'U*2Ug
w*ba = 7 - ^  (55)
from which
baha B h g  / e z » \
7  =  —  = (56)
The values at y = y3 are used for scaling: h =  h3h*, u =  u au**, b =  b3b*,
w =  Wgiv*, y =  yjug/(3y*, V  = {u*2/ u 3)y /u3//3V*. After dropping the stars
(double stars on u**) on the nondimensional variables, nondimensional equations 
for the five mixed layer variables are:
V - * - '
dh _  m  yu
dy bh 7  b '  >
dV  , x
-t— =  w (59)
dy
» = - s  <60>
bV = y — y3 (61)
where
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Initial conditions are: y =  ys, h =  1, u =  —1, b =  1, w =  1 and V  =  0. The 
equations are integrated to ±j/ limits where w vanishes.
All five dependent variables are functions of the external variables (u*2, v*2, 
B , f3 and y). Csanady (1993) examined the relationships of internal and external 
variables through dimensional analysis and demonstrated that scaling with the 
starting values at ya can be converted into scaling with the external variables, 
justifying his internal variable scaling. This means that for prescribed buoyancy 
flux (B ) and known (3 the only independent external variables are the wind stress 
components (u*,v*).
4.2 Choice of parameters
Typical July parameters are used in the model calculations. The buoyancy 
flux B  is calculated from:
B  =  (63)
PwCp
where a is thermal expansion coefficient (a = 2.1 x 10-4 /v -1 ), Q is the surface 
heat flux taken constant: Q = 120W m ~ 2 in July (Hastenrath and Lamb 1977), 
conventional notation is used for the other parameters. B  =  6 x 10-8 m 2s-3 with 
the above values. The zonal and meridional wind speeds are taken from the sea 
level wind field model to calculate the kinematic wind stress:
(u*2,v*2) = cd^ ( u \ v 2) (64)
where c,/ =  1.3 x 10 3.
The model experiments are diagnostic because the dependence of nondimen-
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sional ua and ha on 5  =  By/u*/(3/u*3 and v*/u* (the two key external nondi­
mensional variables, Csauady 1993) is not known, so that we are forced to choose 
empirical starting values for them. wa and ba are then calculated from equations 
53-55. The observational maps of Hastenrath and Merle (1986) show mixed layer 
depths of 25 — 45m during northern summer in the eastern Atlantic. Hisard et. 
al. (1978) and Henin et. al. (1986) show meridional sections of zonal velocities in 
the eastern Atlantic. Their values show a range between .4ms-1 and .6ms-1 for 
ua, which is the difference between the mixed layer’s and the underlying stra ta’s 
zonal velocity.
4.3 Results
We will examine first how the variation of the zonal and meridional wind 
stress influences the entrainment rate and the amount of upwelled water.
The effect of the zonal wind stress on w and V  is shown in Figure 46. The 
zonal wind speed varies between 2 — 4m s-1 , the other parameters represent the 
July conditions (B  =  6 x 10-8 m 2s -3 , the meridional wind speed: v =  3m s-1 , 
u a =  .5ms-1 , ha =  30m and ya =  0. Figure 46 shows that the entrainment rate 
increases with increased zonal wind stress forcing reaching almost 5 x 10-5m s-1 
at 4m s-1 zonal wind speed and only 1 x 10-5 m s-1 at 2ms-1 wind speed. The 
total volume of upwelled water is the sum of the calculated asymptotic values of 
Vtot =  V(oo) — V (—oo). Vtot =  9.83m2s -1 at 4m s-1 zonal wind speed which is 
almost three times as much as Vtot =  3.52m2s -1 at 2m s-1 wind speed.
Figure 47 shows how the meridional wind stress component influences w and 
V.  The meridional wind speed varies between 2 — 4m s-1 , the zonal wind speed 
is 3m s-1 . B, u a and ha are taken as in Figure 46 and ya =  —.25. ya has to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 46. The variation of entrainment rate across the equator for 
four different zonal wind stress (a), and the corresponding meridional 
transports (b).
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Figure 47. The variation of entrainment rate across the equator for 
four different meridional wind stress (a), and the corresponding merid­
ional transports (b).
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be shifted further south of the equator with increasing meridional wind stress 
to obtain a solution, that is the higher the meridional wind stress the higher 
the northward cross-equatorial transport. ys =  —.25 is the minimized distance at 
4m s-1 southerly wind, the integration blows up if y3 is chosen less than that at that 
wind speed. The integrations do not blow up with ya =  0 up to 3m s~l southerly 
wind speed. The variation of the meridional wind stress does not change w and 
Vtot significantly. Higher meridional wind stress shifts the center of upwelling 
farther south of the equator. Vtot =  7.19m2s -1 at 4m s_1 meridional wind speed 
and Vtot =  6.74m2s-1 at 2ms-1 meridional wind speed.
4.3.1 M odel’s total volume of upwelled water
Vtot is integrated over the cold water tongue (cwt) to determine the total 
volume of upwelled water (W):
W  = f  Vtotdx (65)
J  cwt
The zonal length of the cold water tongue is taken to extend from 30° W  to 0°. This 
is the interval where the mixed layer parameters assumed in the model calculations 
are supported by observations: easterly wind stress; shallow mixed layer; low 
SST on climatological SST map in July (Figure 48 repeated from Figure 9, from 
Hastenrath and Lamb 1977a).
Vtot is shown in Figure 49 along the cold water tongue for the July sea level 
wind field model wind speeds (Figure 36) where the zonal center line of the ITCZ 
is at 8°N.  The integration of equation 65 yields W  = 19.1Su in this month.
We determined the wind field at the equator in the eastern Atlantic when 
the heat, sources are shifted 2° south and 3° north (Figures 50 and 51) from their
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Figure 48. Climatological SST in the equatorial Atlantic Ocean in 
July (adapted from Hastenrath and Lamb 1977)
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Figure 49. Vtot between 30°W-0° for the three different ITCZ loca­
tions (8°N, 11° N  and 6°N).
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Figure 50. The zonal (a) and meridional (b) wind components along 
the equator in the eastern equatorial Atlantic (30°W-0°). Solid line 
when ITCZ’s zonal center line is at 8°N,  broken line when ITCZ is 
shifted north (its center line is at ll°iV).
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Figure 51. The zonal (a) and meridional (b) wind components along 
the equator in the eastern equatorial Atlantic (30°W-0°). Solid line 
when ITCZ’s zonal center line is at 8°N,  broken line when ITCZ is 
shifted south (its center line is at 6°N).
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July wind field model position, to see how different heat source positions influence 
W.  Both the zonal and meridional winds speeds decrease when the ITCZ’s zonal 
center line is moved to 6° N. Vtot along the cold water tongue is everywhere less 
than Vtot along 8°N  (Figure 49). The total volume of upwelled water is also less: 
W  = 15.6SU.
The zonal wind speeds decrease and the meridional wind speeds increase when 
the heat sources are shifted north to 11°N (Figure 51). Vtot along the entire cold 
water tongue remain below the Vtot values at 8° N . Vtot at 11° TV are less than 
Vtot at 6°N  west of 13°W and are more east of 13°W. The integrated upwelling 
volume is W  =  14.2Sv, when the heat sources are shifted north.
We can calculate the extra heat absorbed per second in the cold water tongue. 
This is .31 petawatt using W  =  19.1Su, cw = 4000Jfc<jf-1A'’-1 and a temperature 
difference of 4A\ This value agrees well with Carissimo et. al.’s (1985) increase of 
northward heat transport in the equatorial Atlantic.
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Chapter 5. The heat export from the equatorial Atlantic 
warm water reservoir
A working hypothesis is described here on the connection between the ITCZ’s 
annual march and the heat export processes in the tropical Atlantic.
5.1 Meridional heat transport in the equatorial Atlantic
We will use Hastenrath and Merle’s (1986) (henceforth HM1) data of the 
subsurface heat storage (Qt in 1013W, integrated over 2° latitude strips) and 
the divergence of heat transport (Qv in 1013W) to calculate the meridional heat 
transport in the tropical Atlantic Ocean. HMl compiled subsurface temperature 
soundings and evaluations of net heat gain (Qt +  Qv) through the ocean surface 
from long-term ship observations. H M l’s analysis contains substantially more data 
and is more detailed than previous calculations (Lamb and Bunker 1982, Levitus 
1984).
The oceanic heat budget equation is written:
S W  L W  +  Qs +  Qe = Qt +  Qv (66)
where the left-hand terms are net shortwave and net longwave radiation, sensible 
and latent heat transfer respectively (integrated over latitude strips). The down­
ward directed terms are counted positive. Calendar monthly values of (Qt) were 
calculated from long-term subsurface temperature data:
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d
®t = d t J  pc%>Tdz (67)
where p is density, cv is specific heat of constant volume and T  is temperature 
of sea water. The divergence of lateral heat transport (Qv) in the ocean is then 
computed as the difference between net surface heat gain (Qt -f Qv) and heat 
storage (Qt). Integration of Qv (in W m ~ 2) along latitude strips and longitudes 
yields the meridional heat transport, given a transport value at some boundary.
We are interested in the variation of the warm water exported from the mixed 
layer of the equatorial basin (export is the integrated Qv over a specific region). 
Consequently we integrate the Qv values of the 2° latitude strips (Qv for the upper 
300m, Table 2. HM l), northward from 4°5 to a northern boundary of a “warm 
water reservoir” to be defined later. 4° S  as the choice of the southern boundary 
is justified by the heat transport maps of Sarmiento (1986) and Philander and 
Pacanowski (1986) (see previous chapter, Figures 4 and 5), which show no increase 
in northward heat transport between the latitudes of 4°5  and 20°5. Integration 
of Qv from 4°S northward is shown in Figure 52.
Figure 52 shows negative heat export in September for all the latitudes up 
to 30°N,  similarly in October. This implies advective heat gain, mostly confined 
to ±4° latitudes from the equator (presumably the closing in of the cold water 
tongue). Large northward heat export again mostly from near the equator can be 
seen from November to February. From March to May the equatorial latitudes 
still lose heat, but latitudes between 10oiV and 30°iV gain heat, so that there is 
a transfer of heat from the equator to the subtropics. In June and July there is 
cross-equatorial transport from south of the equator from the warm water reservoir
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Figure 52. Heat export in the Atlantic Ocean (between 4°S  and 
30° N),  integrated heat flux divergence (Q„) values of the 2° latitude 
belts of Hastenrath and Merle (1986) are integrated northward from 
4°S  where Qv is set zero, (a) from January to June, (b) from July to 
December.
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to north of it (both within 4° latitude, that means no net loss or gain of heat in the 
warm water reservoir). The heat transport is negative near the equatorial basin 
and positive north of the basin in August.
The empirically found variation of the annual heat export (shown in Figure 
52) is thus similar to the GCM results of Figures 4 and 5 which show maximum 
heat transport from the equatorial region between November and February and 
no northward heat transport between July and September.
Figure 53 from HMl shows the annual variation of Qt between 20° S  and 
30° iV. This figure also indicates that a heat surplus is built up in the equatorial 
region during northern summer.
5.2.1 The equatorial Atlantic warm water reservoir boundaries
The monthly mixed layer maps of Hastenrath and Merle (1987) (henceforth 
HM2) show that the warm water formed during northern summer accumulates 
in the western equatorial Atlantic. There is a near balance between the zonal 
pressure gradient and the wind stress in the western equatorial Atlantic (Fofonoff 
and Montgomery 1955). This balance holds well in northern summer when the 
mixed layer is deep enough. This deep mixed layer zone in the western Atlantic 
is the “well” where the warm water formed during northern summer accumulates. 
We define the space of the mixed layer over this western equatorial zone the “warm 
water reservoir” (WWR).
Figure 54 is extracted from HM2 mixed layer depth maps at three different 
longitudes (20°, 30° and 40°W), and at two latitude degree steps between 10°5 
and 10°N  (no ocean at 40°W between 4°-10°S).
We examine first the latitudinal belt between 2°S  and 4°JV. The mixed layer
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Figure 53. Annual variation of Qt in the tropical Atlantic Ocean, 
quantities are in W m ~ 2 (adopted from Hastenrath and Merle 1986).
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Figure 54. Mixed layer depth maps at three different longitudes (20°, 
30° and 40°iV), and at two latitude-degree steps between 10°5 and 
10°iV (data from Hastenrath and Merle 1987).
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is shallow here (30 — 35m), between April and June at 30° and 40°W.  The mixed 
layer deepens at these longitudes from June till August. Deep mixed layer depths: 
(90 — 100m) at 40°W  and (60 — 70m) at 30°W  are found from August through 
January. The mixed layer is shallow between January and April. This latitudinal 
belt is considered to be the center of the WWR.
Figure 54 shows 6°JV as the northern boundary of the W WR at 40°W. The 
mixed layer depth at this latitude is almost constant all year long. The mixed 
layer exhibits the opposite annual variation pattern north of 6° N  to that seen 
south of 6°IV at 40°W.  The northern boundary of the WWR is shifted somewhat 
north from 6°N  at 30°W. The idealized northern boundary of the W WR will be 
taken parallel to the equator at 6°N.  This also conforms to Figure 52: heat export 
peaks around this latitude in the northward transport months.
We take the southern boundary of the WWR at 4°S.  This is the latitude 
where the integration constant in the meridional heat transport calculation was 
taken zero because of vanishing heat transport divergence further south.
The eastern boundary of the WWR is taken at the longitude of the western 
boundary of the equatorial upwelling region. The western boundary of the up- 
welling region can be defined by the SST maps. We have used the 25°C isotherm 
to define the western boundary of the cold water tongue at 30° W  in July in the 
former chapter. This isotherm marches eastward in the following months, reaching 
20° W  in October (Hastenrath and Lamb 1977). Consequently the eastern bound­
ary of the WWR expands and contracts so that it completes its annual march 
between 30° W  and 20° W.
The eastward march of the western boundary of the upwelling region during
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Figure 55. Annual variation of mixed layer depth in the eastern At­
lantic at four different longitudes (30°, 25°, 20° and 15°W)  at the 
equator (data from Hastenrath and Merle 1987).
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northern summer is also supported by the mixed layer depth map of Figure 55 
(extracted from HM2) which shows the annual variation of the mixed layer depth 
along the equator at four longitudes in the eastern Atlantic. The measurements 
of Peters et. al. (1991) showed that equatorial upwelling occurs predominantly in 
the upper 40m and entrainment of cold water into the mixed layer ceases where 
the mixed layer is deeper because in that case upwelling merely recirculates mixed 
layer water. Figure 55 shows that the mixed layer depth increases from west to 
east in the eastern Atlantic from the beginning of northern summer till December, 
supporting the eastward march of the WWR’s eastern boundary.
The western boundary of the WWR is taken at the eastern limit of the western 
boundary current (NBC) which is parallel to the coastline. The mixed layer depth 
varies at the western boundary (40°W at the equator in Figure 53) of the WWR 
differently from the heat export shown in Figure 52 which rules out the hydraulic 
control argument of equation 4.
Figure 56 shows an idealization of the WWR in the equatorial Atlantic (the 
arrow at the eastern boundary shows that it is time dependent).
5.2.2 Annual variation of the W W R’s volume
The WWR. is divided into 2 x 2  degree squares to calculate its volume (the 
eastern boundary of the WWR is set at 20°W).  The mixed layer depth is read 
off at the center of the squares every month, using HM2’s mixed layer depth 
maps. The western boundary of the WWR is taken in the calculations as shown 
in Figure 56.
Figure 57a shows the results: the WWR volume decreases from December to 
May. The volume increases between May and September and is relatively constant
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 56. The warm water reservoir in the equatorial Atlantic Ocean 
as defined in the text.
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The WWR in the equatorial Atlantic
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Figure 57. Annual variation of WWR volume (a), and the annual 
variation of volume in two degree bands in the WWR (b).
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between September and December. The difference between the December and 
May W W R volumes is ~  9.7 x 1013m 3. Figure 57b shows the annual volume 
change of the 2° wide latitudinal bands in the WWR. The annual volume change 
patterns of the individual bands agree well with the pattern of the whole WWR..
The W WR volume change agrees only roughly with the northward heat trans­
ports of Figure 52. Northward heat transport starts in November and the WWR 
volume starts decreasing in January. This indicates continued upwelling in Novem­
ber and December (according to equation 2: the difference of the WWR volume 
change dQ/dt  and the net export T  — (R +  I)  is equal to the upwelling W,  this 
means that dQ/dt  equals T  — (R + I)  when the upwelling ceases).
5.3 The annual migration of the ITCZ and the wind stress curl The
annual cycle of thermal structure in the tropical Atlantic is related to changes in 
the surface wind field. Garzoli and Katz (1983), Philander and Pacanowski (1986) 
and du Penhoat and Treguier (1984) showed that the annual cycle of wind stress 
curl in the tropical Atlantic (associated with changes in the Ekman pumping) is 
responsible for dramatic changes in mixed layer depth over the latitude belt of 4°- 
10°iV. The changes modify the surface pressure field, resulting in the semiannual 
reversal of the North Equatorial Countercurrent (NECC).
Figure 58 (from Hastenrath and Lamb 1977) shows the wind stress curl over 
the equatorial Atlantic region for the four seasons. The solid lines drawn in are 
approximations to the southern limit of the northern hemispheric positive curl 
region. These limits move with the seasons. Figure 59a displays the annual march 
of the southern boundary of the northern hemispheric positive curl region at three 
longitudes over the Atlantic ocean.
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Figure 58. The wind stress curl over the Atlantic Ocean in the four 
seasons (10~sdynes cm-3 ). The solid lines drawn in are approxima­
tions to the southern limit of the northern hemispheric positive curl 
region.
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Figure 59. Annual march of the southern limit of the positive curl 
region (as depicted in Figure 57) at four longitudes ((20°, 30° and 
40°W)  (a), and the annual march of the ITCZ at the same longitudes
(b)











Annual march of positive curl region
o .
o  •
2 4 6 8 10 12
Months




2 4 6 8 10 12
Months
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
131
The Inter Tropical Convergence Zone’s (ITCZ) position is shown in Figure 
59b for all the calendar months at the same longitudes as in Figure 59a (extracted 
from Molinari et. al 1983). The ITCZ is farthest north during northern summer 
(August) and farthest south during northern winter (March). The ITCZ completes 
its annual cycle by southward and northward migrations between its farthermost 
positions.
Figures 59a and b show considerable correspondence, although only four data 
points are available for the curl: the ITCZ’s position is nearly the same as the 
southern boundary of the positive curl region in the four months when the wind 
stress curl is shown. Physically, the northward increase of the easterlies from the 
center of the ITCZ’s convergence zone may be held responsible for positive wind 
stress curl. The seasonal changes of the northern hemispheric cyclonic curl north 
of the ITCZ can then be described by the seasonal migration of the ITCZ.
Negative wind stress curl is found south of the ITCZ’s positive wind stress 
curl region, extending to about 10°5. The southern boundary of this negative 
wind stress curl region remains at 10°5 all year long.
5.4 The ITCZ’s annual migration and the meridional heat transport
As pointed out in section 5.1, there is no heat transport from the equatorial 
basin during northern summer when the mixed layer depth reaches its maximum 
depth at the equator at 40° W.  Heat export from the equatorial basin starts in 
November (Figure 52) when the ITCZ crosses the latitude of about 6°N  (the 
northern boundary of the WWR) on its southward march and continues till April 
when the ITCZ reaches its southernmost position.
The evidence shows therefore that heat export is not associated with the
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mixed layer depth at the western boundary (as proposed by Csanady 1987) but 
with the southward movement of the ITCZ. As the ITCZ moves south, it “trans­
fers” W W R water into the subtropical gyre by moving the boundary of that gyre 
southward. This transfer process is akin to the action of a positive displacement 
pump. We conclude that transient wind action is responsible for the northward 
transfer of most of the warm water formed in the equatorial Atlantic. Also the 
positive curl zone “sucks” the thermocline up (Ekman suction).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
133
Chapter 6. Conclusions
The objective of this work was to elucidate the generation and maintenance 
of the warm water mass in the mixed layer of the tropical Atlantic Ocean.
We modeled first the sea-level wind field. The model runs showed that the 
heat source locations were the most im portant factors in the simulation of the 
observed circulations. The July model wind field reproduced the zonal and merid­
ional wind components of the observed wind field at the equator very well. The 
January model wind field could reproduce only the zonal wind component of the 
observed wind field, while the model meridional wind components were smaller 
than the observed meridional wind components at the equator. This was due to 
the ITCZ’s position, taken parallel to the equator in the model. The ITCZ en­
closes a slight angle with the equator in reality, therefore it is farther north of the 
equator over the eastern Atlantic than over the western Atlantic. The real ITCZ 
position allows stronger meridional flow over the eastern part of the equator.
The wind field forcing was divided into x-dependent and x-independent terms. 
Both terms were required to reproduce the correct wind field over the equator, x- 
independent forcing was responsible for the meridional winds, while the x-depen­
dent forcing reproduced the zonal winds at the equator. The combined effect of 
the above forcing terms led to the observed typical trade wind distribution off the 
equator.
We determined in the next part how the total volume of the upwelled water 
in the eastern Atlantic depends on wind stress forcing. The model results showed
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that the quantity of the upwelled water depends mainly on the strength of the 
easterly wind stress at the equator. The southerly wind stress does not change 
the quantity of the upwelled water significantly. Increasing southerly wind stress 
only shifts the center of the upwelling further south of the equator. We can state, 
in the light of the wind field model, that the SAM heat source is the primary 
control in the generation of the easterly wind stress at the equator, consequently 
it is responsible for the generation of the equatorial upwelling.
We have also examined the variation of the total volume of the upwelled wa­
ter for three different heat source locations. We obtained the highest volume of 
upwelled water at the climatological heat source location (8°N,  19.15v). South­
ward and northward shifted heat source locations yielded weaker easterly winds 
at the equator, therefore the total volume of upwelling was also smaller (14.2St> 
and 15.6Sn).
The third part of the work was focusing on the escape transport of the formed 
warm water mass. We found that the bulk of the warm water is exported from the 
WWR (defined in the equatorial Atlantic basin) between November and April. The 
mixed layer depth varies at the western boundary of the equatorial basin differently 
from the heat export, ruling out the hydraulic argument for the escape transport. 
The evidences showed that heat export from the WWR is associated with the 
ITCZ’s southward march. As the ITCZ moves south it “transfers” WWR water 
into the subtropical gyre by moving the boundary of that gyre southward. We 
concluded, therefore, that transient wind action is responsible for the northward 
transfer of most of the warm water formed in the equatorial Atlantic.
We can conclude finally that the ITCZ’s position is the principal control in the
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generation and maintenance of the warm water mass in the equatorial Atlantic.
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